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Abstract of the Dissertation 
Crumpled Graphene Oxide: Aerosol Synthesis and Environmental Applications 
by 
Yi Jiang 
Doctor of Philosophy in Energy, Environmental & Chemical Engineering 
Washington University in St. Louis, 2016 
Professors John Fortner and Pratim Biswas (Co-Chairs) 
 
Environmental technologies, such as for water treatment, have advanced significantly due 
to the rapid expansion and application of nanoscale material science and engineering. In particular, 
two-dimensional graphene oxide (GO), has demonstrated considerable potential for advancing and 
even revolutionizing some of these technologies, such as engineered photocatalysts and 
membranes. To realize such potential, an industrially scalable process is needed to produce 
monomeric and aggregation-resistant GO nanostructures/composites, in addition to new 
knowledge of material properties, behavior, and performance within an environmental context.  
Research presented in this thesis addresses both scientific and engineering gaps through 
the development of a simple, yet robust aerosol-based synthesis approach and demonstrations of 
two applications, photocatalysts and membranes. The aerosol-based process was developed to 
engineer the 2D GO nanosheets into 3D crumpled balls (crumpled GO, CGO), which have 
excellent aggregation- and compression-resistant properties, while allowing for the incorporation 
(encapsulation) of other (multi)functional particles inside. The five focus areas of this dissertation 
are: 1) Crumpling and thermal reduction of GO nanosheets in aerosolized droplets, 2) 
(Multi)functional nanocomposite synthesis, 3) Colloidal behavior in water as a function of material 
 xvii 
 
properties and selected environmental constituents/conditions, 4) Photocatalytic applications, 5) 
Composite assemblies/nanoscale fillers for advanced water treatment membranes.  
Results reveal that the evaporation rate of water droplets plays a critical role in controlling 
the crumpling process, and thermal reduction leads to temperature-dependent removal of oxygen 
functional groups. (Multi)functional composites can be achieved through encapsulation of single 
or multiple types of nanoparticles, such as TiO2, magnetite, and silver. Morphological 
transformation by crumpling, increased degree(s) of oxidation, and presence of natural organic 
matters act to enhance the stability of GO in water. CGO-TiO2 composites are shown to possess 
superior aqueous-based photocatalytic properties, including efficient photo-reduction reaction 
pathways. Furthermore, assemblies of CGO nanoparticles show superior permeation, separation, 
and reactive (photo-reactive and antimicrobial) properties. In addition, in situ surface-based 
photocatalyzed synthesis of Ag nanoparticles at the surface of membrane assemblies, is 
demonstrated as an approach to (re)generate, thus maintain, enhanced antimicrobial activity. 
This work identifies and solves several key issues regarding the industrially attractive 
processing and applications of (crumpled) graphene-based materials for water treatment 
technologies. Knowledge obtained, as part of this thesis, will impact aerosol processing of 
materials, environmental nanotechnology, environmental catalysis, and water treatment membrane 
technology, among other fields. 
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1.1 Motivation 
Today, more than ever, adequate water quantity and quality underpin major, yet interwoven 
global development and sustainability foci spanning from human health to the techno-economics 
of energy production. Over 750 million people still lack access to improved sources of drinking 
water, and > 2.3 billion are without improved sanitation.1 More than 3 million people, primarily 
in developing countries, die each year from water, sanitation, and hygiene-associated diseases, 
such as diarrheal diseases.2 Globally, diarrheal diseases are the leading cause of illness, with 88% 
of diarrheal caused deaths due to a lack of access to sanitation facilities, together with unsafe 
drinking water and inadequate availability of water for hygiene.1 Meanwhile, even as developed 
regions regularly engineer water treatment systems for common macropollutants (e.g. nitrogen) 
and disease-causing microbes, a wide range of micropollutants, associated with chronic health 
effects (e.g. halogenated organics, hormone mimicking compounds, pesticides, and heavy metals) 
remain difficult and costly to manage.3  
Water quality, availability, and management are also critical for basic development and 
sustainability of economic activities in both developing and developed regions. This fact is 
particularly highlighted with regard to energy production. In 2005, thermoelectric freshwater usage 
alone accounted for 41% of all freshwater withdrawals in the US, surpassing irrigation-based 
withdrawals;4 in 2011, direct consumption by the industrial sector, which is dominated by the 
thermoelectric (sub)sector, reached 46%.5 Furthermore, and of particular concern in water-scarce 
regions, the issue of water availability may be exacerbated by rapid technological advancements 
and substantial investments in unconventional areas of energy production, such as highly water-
intensive shale gas production.6 Based on the Energy Information Administration (EIA) energy 
forecasts, water withdrawals will increase by 18-24% from 2010 usage to meet the expected total 
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energy demands in the US by 2035.7 Effectively addressing these broad yet critical challenges 
must not only include an integrated policy framework focused on resource management and 
sustainability, but also technological advances to improve, if not revolutionize, treatment processes 
and strategies.8 
In line with the rapid expansion and application of materials science and nanoscale 
engineering over the last two to three decades, water treatment technologies have experienced 
significant advances. These technologies include, among others, engineered photocatalysts for 
chemical degradation of pollutants and inactivation of pathogens, as well as advanced membranes 
for physical and chemical separation. Even more recently, treatment technologies incorporating 
engineered carbon nanomaterials, such as graphene, carbon nanotubes (CNT), and fullerenes, have 
demonstrated superior (and sometimes unique) physical and chemical properties compared to 
traditional analogues, and may eventually prove economically advantageous, as they are primarily 
composed of carbon - an abundant, available, and relatively low-cost elemental component. 
Further, engineered carbon nanomaterial costs continue to decline with the ongoing development 
of industrial scale production processes.9-11 
In particular, graphene holds enormous promise for use in water treatment. The graphene 
‘gold rush’ began with the unexpected discovery of a free-standing, 2D atomically-thin carbon 
‘film’, which earned Geim and Novoselov the 2010 Nobel Prize in Physics.12 Isolated graphene 
crystals, which demonstrate exceptional electronic properties, extreme surface-area-to-volume 
ratios, and broad (chemical) functionalization possibilities, are now being applied to a number of 
environmental technologies.9 For example, graphene oxide (GO) ‘paper’ can be nearly 
impermeable to liquids, vapors, and gases, including helium. However, when appropriately 
modified, GO paper allows the unimpeded permeation of water (e.g., H2O permeates through the 
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membranes at least 1010 times faster than He), making the material a promising candidate for high-
quality, low-energy, low-cost separation and purification processes.13 Although the potential for 
graphene-based advanced material technologies in environmental applications is easy to imagine, 
the science and engineering that enable production and environmental applications remain 
relatively nascent. 
1.2 Key Scientific and Engineering Issues  
To apply the numerous varieties of graphene materials in water treatment technologies, the 
first step is to identify the most applicable and advantageous type. Graphene is recognized as a 
family of materials which consists of graphene itself (a 2D framework of carbon atoms) and 
derivatives. The size, quality (defects), chemistry, and costs to make different ‘types’ can differ by 
orders of magnitude. While material scientists are currently (and successfully) pushing towards 
larger and larger defect-free graphene films for electronic/energy applications (such as those 
produced by roll-to-roll chemical vapor deposition), imperfect graphene oxide (GO), which is 
accessible, economical, and perhaps the mostly studied graphene material, may meet many of the 
water treatment technology needs.   
With such an approach, the second issue is the scalable production and processing of GO. 
Currently, a major bottleneck in the scaled-up production of sheet-like materials, such as GO, is 
their tendency to restack due to strong van der Waals attraction.14 Restacking reduces the potential 
for processing by solution techniques, and it also compromises favorable properties such as 
accessible surface area. Moreover, the most immediate application for graphene in environmental 
applications is likely its use as a composite material.9 Common solution-based approaches to make 
composite nanomterials at an industrial scale can be difficult, because increasing the reaction 
volumes during syntheses often results in changes to crystallite size, shape, and monodispersity as 
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well as to the overall architecture and composition of the resulting material. These challenges 
require new, robust, affordable, and controllable engineering approaches to make tailored GO 
materials. 
Third, new knowledge is needed to correlate GO material behaviors in water with material 
properties and environmental constituents (e.g., natural organic matters). This issue is complicated 
by the complexity of possible chemical and physical variations of GO, and the lack of convenient 
and consistently reproducible techniques for characterizing and controlling these properties. This 
knowledge is essential to realizing practical applications of graphene-enabled technologies for 
water treatment.  
Finally, the supply side (a promising candidate material of comparative advantages, here 
as GO) needs to be continuously aligned with the demand side (a desired technological evolution 
or revolution in water treatment), through appropriate engineering approaches. Evaluating and 
discussing next-generation water treatment technologies, Shannon et al.8 have outlined a few basic 
principles in an influential review article published in Nature, emphasizing lower cost, reduced 
energy usage, minimized use of chemicals, and minimal impact on the environment. When 
considering the complexity of the problems we are facing, ultimately, future solutions will likely 
involve a mixed matrix of technologies, both conventional and new.  
While it is difficult to imagine what a ‘holy grail’ solution/technology would look like, if 
there will be one, it is likely to be solar driven to some degree. The harvesting and converting of 
photons enabled by engineered nanostructures and advanced materials is likely to have significant 
potential in future disinfection and decontamination technologiess.8 However, critical issues must 
still be addressed for photocatalysts to be applicable at the needed scale. These challenges include 
extension of the light absorption range (in particular, into the visible range), reduction of hole-
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electron recombination, targeted utilization of hole and electron for various reactions 
(applications), and recycling of photocatalysts. 
Another technology that is being considered as an integrated part of next-generation water 
treatment facilities is membrane-based processes. Due to their high separation efficacies, low 
chemical inputs, relatively low energy consumption, modest space requirements, and overall 
simplicity of operation, global deployment of membrane technologies is rapidly increasing. They 
are also being demonstrated in a number of showcase projects for next-generation water treatment 
(e.g., Singaporean NEWater). The employment of advanced materials will likely make possible 
the concurrent pursuit of high permeability and satisfying rejection and anti-fouling properties. In 
addition, new functions can be enabled by the broad functionalization possibilities of GO, such as 
simultaneous decontamination and/or disinfection.  
1.3 Objectives and Approaches 
This work addresses the key issues highlighted above, and bridges scientific and 
engineering gaps in treatment technologies which incorporate graphene oxide. The overarching 
objective for this work is the development, characterization, and demonstration of three 
dimensional, nanoscale, crumpled graphene oxide (CGO) platform materials (Figure 1.1), as 
multifunctional, advanced photocatalyts and as novel membrane film assembly components. 
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Figure 1.1 (a) Graphene: a layer of honeycomb-like carbon structure (source: Geim et al., 
2007) 9; (b) TEM image of 2D flat GO; (c) TEM image of 3D Crumpled GO.  
 
Three broad research objectives, are as follows:  
Objective G1 ̶ Material synthesis and material behavior in water  
1) Understand physical and chemical transformations of GO sheets during aerosol 
processing 
2) Synthesize a library of composite materials using well controlled aerosol methodologies 
3) Correlate colloidal behavior with material properties and environmental conditions 
The physical and chemical properties of GO/CGO were characterized by both in-line 
measurements (aerosol particle sizing) and off-line (microscopic and spectroscopic) measurements. 
These data yielded a fundamental understanding of temperature-dependent property evolution of 
GO. Further, these data allow us to relate the process parameters (such as the furnace temperature 
and types of precursor and aerosol generator) to realize consistent (reproducible) control of 
material properties. The process is also described by a universally applicable equation relating the 
confinement force and various parameters. Based on the newly generated knowledge, a library of 
CGO nanocomposites have been developed and characterized, including CGO-TiO2 (GOTI), 
CGO-Magnetite (GOM), CGO-Ag (GOAg), and ternary CGO-TiO2-Magnetite (GOTIM). Further, 
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these material properties have been correlated with aqueous colloidal behavior (such as the critical 
coagulation concentrations). Major material factors taken into consideration were ζ-potential, C/O 
ratios, carboxyl group concentrations, and C-C fractions, in addition to environmental factors, such 
as pH, ionic strength, and natural organic matters. The colloidal behavior was also described using 
DLVO theory. 
Objective G2 ̶ Photocatalyst development and application 
4) Develop and evaluate magnetically recoverable, high-performance photocatalysts 
5) Fundamentally describe the reaction mechanisms of CGO-TiO2 in aqueous systems 
6) Synthesize metal nanoparticles via (ion) reduction reaction pathways 
A ternary CGO-TiO2-Magnetite (GOTIM) nanocomposite has been developed as a 
recyclable, high-performance photocatalyst. Its photocatalytic performance enhancement was 
evaluated and described via the degradation of model dye molecules (methyl orange). In addition, 
its low field magnetic susceptibility was demonstrated. Detailed reaction mechanisms of photo-
induced electrons and holes have been examined by using a suite of hole and radical scavengers 
(EDTA, tert-butanol, catalase), in both oxic and anoxic conditions. In situ formation of Ag NPs 
on GOTI via photocatalytic reduction of Ag+ was also demonstrated and characterized under both 
UV and solar light irradiations. A detailed characterization of as-synthesized Ag NPs (shape, size 
(evolution) with reaction time, crystal structure) was performed with high-resolution transmission 
electron microscopy techniques. 
Objective G3 ̶ Membrane development and application  
7) Develop a process to assemble CGOs as composite membranes 
8) Characterize and evaluate the as-synthesized membranes 
9) Develop a photoreduction-based in situ regenerative antimicrobial strategy  
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10) Fabrication of polymeric UF membranes incorporated with GO/CGO particles 
 A simple vacuum filtration method, along with a chemical cross-linking scheme, was 
designed and employed to deposit CGO nanostructures onto a polyethersulfone (PES) support to 
produce a composite membrane structure. Extensive membrane characterization using SEM, FTIR, 
AFM, and water contact angle measurement techniques was performed and reported for each 
membrane employed. Membrane permeation was evaluated in a dead-end constant pressure mode, 
and filtration capacity was evaluated by filtering molecules of two different sizes, methyl orange 
and bovine serum albumin. Reactivity was evaluated by degradation of the dye molecule (methyl 
orange) in a customized filtration set-up with UV irradiation (photo-reactivity), or by inactivation 
of two bacteria, Escherichia coli and Bacillus subtilis (antimicrobial). Based on the knowledge 
obtained in Objective G2, in situ formation of Ag NPs on the membrane surface was also 
demonstrated and evaluated, showing enhanced and regenerative antimicrobial activity. Further, 
as an alternative strategy, GO/CGO particles were incorporated into polymeric ultrafiltration 
membranes (e.g., polysulfone) during the phase inversion process, leading to augmented water 
flux while maintaining rejection performances. 
1.4 Dissertation Organization 
The dissertation begins with the identification of key scientific and engineering issues that 
currently need to be addressed, followed by a related technical overview of the current 
literature/state of the art. In Chapter 2, graphene, as a family of materials, is briefly described, 
followed by an introduction of the key elements of an aerosol process (used to crumple 2D GO, 
chapter 3). The chapter ends with an overview of environmental applications/technologies 
incorporating GO, focused on photocatalyst and membrane applications. This chapter is designed 
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to provide the technical background for the dissertation, while highlighting the opportunities and 
challenges for future advanced GO applications. 
Chapter 3 addresses the physical aspect (crumpling) of GO during the aerosol synthesis 
process. A detailed understanding of the crumpling of GO nanosheets is presented by a systematic 
investigation conducted in aerosolized droplets by means of in-line measurements (e.g., scanning 
mobility particle sizer) and off-line (e.g., electron microscopy) measurements. The relationship 
between confinement force and various parameters, such as the evaporation rate and precursor 
concentration, is mathematically established. This chapter reveals the importance of the 
evaporation rate of aerosolized droplets in controlling the crumpling process. 
Chapter 4 addresses the chemical aspect (thermal reduction) of GO during the aerosol 
process, and further correlates physical and chemical properties with aqueous aggregation 
behaviors. Flat GO and five CGOs (with different degrees of thermal reduction, and thus different 
oxygen functionality) are synthesized. The evolution of their surface chemistries and morphologies 
is characterized using various spectroscopic (UV-vis, FTIR, XPS) and microscopic (SEM and 
TEM) techniques. Based on extensive characterization and aggregation kinetic results, the critical 
coagulation concentration (CCC) values for three ionic systems (NaCl, CaCl2, and MgCl2) are 
correlated with the physical and chemical properties of GO/CGO (ζ-potentials, C/O ratios, 
carboxyl, and C-C fractions). 
Chapter 5 addresses the application and environmental implications of CGO materials in 
more realistic aquatic conditions. The aggregation behavior of three GO/CGO materials, in the 
presence of three model natural organic matters (Suwannee River humic acid, Suwannee River 
fulvic acid, and Aldrich humic acid) are measured and compared. Electrophoretic mobility and 
adsorption measurements are performed to understand the differences in colloidal behaviors. 
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Chapter 6 advances the aerosol synthesis process further by encapsulating functional 
nanoparticles, and also demonstrates application of (multi)functional nanocomposites as advanced 
photocatalysts. The aerosol route is utilized to effectively crumple GO and subsequently 
encapsulate commercially available TiO2 and magnetite nanoparticles. The photocatalytic 
performance of as-synthesized GOTIM is evaluated, in addition to detailed oxidative and reductive 
reaction mechanisms of holes and electrons, respectively. Furthermore, low-field magnetic 
susceptibility and low-energy in situ material separations are demonstrated. The chapter highlights 
the aerosol process as a fast and facile technique to synthesize monomeric, aggregation-resistant, 
crumpled graphene-based photocatalysts for advanced water treatment applications. 
Chapter 7 and 8 focus on the development and application demonstration of CGO materials 
in advanced water treatment membranes. In Chapter 7, CGO porous nanocomposites are 
assembled as advanced, reactive water treatment membranes. The pure water flux and separation 
efficiencies for model organic foulants are evaluated and compared with those of commercial 
ultrafiltration membranes. In addition, multifunctionality is demonstrated through the in situ 
photocatalytic degradation of methyl orange (MO), as a model organic, under fast flow conditions 
(tres < 0.1 s). The membranes’ antimicrobial properties are evaluated for both biofilm (contact) and 
suspended growth scenarios (Escherichia coli). 
In chapter 8, facile in situ photocatalytic synthesis of nAg particles by crumpled GO-TiO2 
(GOTI) nanocomposites is demonstrated as a novel approach to (re)generate, and thus maintain, 
enhanced antimicrobial activity over extended operation times. Earlier, in Chapter 6, the CGO-
TiO2 nanocomposites were shown to have enhanced photo-reductive properties (using MO as a 
probe molecule) due to decreased electron-hole recombination and unique core-shell structure(s). 
Chapter 8 further demonstrates the photocatalyzed (re)formation of nAg on GOTI nanocomposites 
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and assembled membranes under UV and simulated solar light (AM 1.5) conditions. Detailed 
characterization of the resulting particle (nAg) morphology, size (evolution), and crystal structures 
is included. Membrane (surface-based) antimicrobial properties are also demonstrated for two 
model bacteria, Escherichia coli and Bacillus subtilis. 
Lastly, Chapter 9 summarizes the dissertation’s key findings and details its major 
contributions. Concluding remarks discuss the implications of these findings within a broader 
context of nano-/advanced materials-enabled water treatment technologies, and offer perspectives 
on potential future directions of such technologies.  
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2.1 What We Talk About When We Talk About Graphene? 
The graphene ‘gold rush’ began with the discovery of a free, 2D atomically-thin carbon 
film which earned Geim and Novoselov the 2010 Nobel Prize in Physics.1 Graphene is one layer 
of carbon atoms packed into honeycomb pattern (Figure 2.1a), which is ultrathin (0.35 nm in 
thickness), while being ultrastrong and exceptionally conductive. Graphene can have different 
sizes and quality (i.e., degree of defects), depending on the fabrication methods, such as 
mechanical exfoliation of graphite,1 chemical vapor deposition (CVD),2 and reduction of graphene 
oxide (reduced graphene oxide, RGO).3 Its dimensions can span from < 20 nm, described as 
quantum dots, to µm sizes of nanosheets and meter-scale of films,4, 5 which underpin applications 
in various specific fields and correspondingly require different characterization and engineering 
approaches. Additionally, graphene materials can have very different surface chemistries resulting 
from a number of synthesis and/or subsequent chemical functionalization processes.  
Currently, an important and widely studied derivative is graphene oxide (GO) (Figure 2.1b). 
GO, as functionalized (oxidized) form of graphene, is the product of exfoliation of graphite oxide 
and is the precursor for RGO (Figure 2.1c) synthesis by either chemical or thermal reductions.3, 6 
Detailed chemical structure (surface chemistry) of GO has not been completely resolved due to 
the random chemical functionalization of each layer and variations in composition.7, 8 In principle, 
GO partially remains as a one-atom-thick planar sheet with a sp2-bonded carbon structure while 
being derivatized with oxygen functional groups both on the basal plane (e.g. hydroxyl and epoxy 
groups) and at the sheet edges (e.g. carboxyl and carbonyl, etc.) (a generic structure shown in 
Figure 2.1b). Compared to graphene, GO has the distinctive feature of being water-dispersible due 
to electrostatic repulsions between deprotonated carboxyl groups. This important feature makes 
the processing of graphene materials much more convenient as water can be used in place of 
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organic solvents. For applications, such as membranes, oxygen functionality also facilitates the 
hydrophilicity, which is discussed later. Further, graphene (oxide) can undergo various physical 
transformations. For example, 2D GO was structurally engineered to have various crumpled 
morphologies to give specific properties (e.g., aggregation-resistant), such as paper ball-like 
spheres9, 10 and corrugated surfaces (Figure 2.1d).11 
Another interesting feature of GO is its intrinsic antimicrobial properties, which will likely 
lead to applications in anti-microbial coatings and antifouling membranes. The main proposed 
mechanisms of bacterial inactivation are induced cell membrane damage, as a result of physical 
disruption,12 oxidative stress,13 and extraction of phospholipids from cell membranes.14  
 
Figure 2.1 Depicted generic chemical and physical structures of graphene-based materials 
  
Interestingly, graphene can be used as part(s) of a variety of composite materials,15 due to 
their extremely high specific surface area and ease of functionalization, which offer abundant 
anchoring sites for various functional nanoparticles, including magnetic Fe3O4,
16 photo-reactive 
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TiO2,
17 antimicrobial Ag18 and Au,19 and multifunctional nanocomposites such as graphene-TiO2-
magnetite,20 graphene-Au-magnetite,21 etc. (Figure 2.1e). 
As discussed above, due to strong π-π attraction (London dispersive forces) between flat 
graphene nanosheets, flat graphene nanostructures tend to restack, resulting in subsequent, 
significant decreases in accessible surface area and aqueous stability normally observed in water, 
thus lowering material efficacy.    
2.2 Aerosol Processing of Graphene Materials 
Aerosols are suspensions of small liquid or solid particles in gases.22 They are produced by 
gas-to-particle conversion, liquid/solid-to-solid conversion, resuspension of powdered material or 
the break-up of agglomerates. Unlike solution-based and colloidal approaches, aerosol routes 
maintain small reaction volumes and enable the production of high quality particles and assembles 
on an industrial, manufacturing scale. They have been used to prepare size-, shape- and 
architecturally controlled nanostructures (including particles and films) for a range of inorganic, 
organic, and composite materials. For example, with a gas-to-particle conversion scheme (Figure 
2.2a), flame aerosol synthesis is a dominant method for the production of many commercial 
nanoparticles such as titanium dioxide (6 Mtons/year), carbon black (1.5 Mtons/year), and fumed 
silica (50 ktons/year),23 in addition to a few emerging nanomaterials, including quantum dots, 
fullerenes, and carbon nanotubes.24 In a typical liquid-to-solid scenario (Figure 2.2b), a precursor 
solution is nebulized and the resulting aerosol is introduced to a heat source where (1) solvent 
evaporation can facilitate assembly of nanoscale building blocks (spray drying), and/or (2) 
precursor decomposition or reaction (spray pyrolysis) can occur to produce materials. In a few 
cases, solid particles are directly aerosolized and passed through a reaction zone (Figure 2.2c). For 
example, silicon kerf was aerosolized before being delivered into a furnace to remove its carbon 
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contamination.25 Products can be collected in gas washing bottles or similar solvent containing 
vessels, on filters, or deposited as films. This work is focused on the liquid-to-solid conversion 
scheme, which include aerosol (droplet) generation, solvent evaporation, precursor reaction, and 
particle collection steps (Figure 2.2b). 
 
Figure 2.2 Simplified schemes of gas-to-particle, liquid-to-solid, and solid-to-solid 
conversion processes 
 
2.2.1 Aerosol (Droplet) Generation Methods 
Nebulization is the creation of mist from a liquid using various methods. There are several 
common nebulization techniques for aerosol generation that could be applied to the aerosol 
synthesis and assembly of nanomaterials, including pressure (pneumatic) nebulizers, electrostatic 
nebulizers (electrospray), and ultrasonic nebulizers, among others. 
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Figure 2.3 (a) Schematic diagram and photo of a Collison Nebulizer (source: BGI Inc.); (b) 
Schematic diagram of an electrospray system. 
 
Pressure nebulizers produce aerosols by forcing a liquid through a small opening under 
high pressure using a carrier gas or centrifugal force, typically resulting in high droplet 
concentrations. This technique produces a broad distribution of relatively large droplets (sizes: a 
few to 1000 µm). An example of pressure nebulizers is the Collison nebulizer (Figure 2.3a, BGI 
incorporated),26 which is being used in our study. It contains a fluid glass jar, and 1, 3, 6, or 24 
jets, with applied pressure in the range of 20 to 100 psig. In the nebulizer, the liquid/gas jet is 
impacted against the inside wall of the jar to remove larger fraction of the droplets. 
For electrostatic nebulizers (electrospray), a charge is imparted to a liquid stream in a 
needle (maintained at a few kilovolts), and the resulting electric field at the needle tip charges the 
surface of the emerging liquid, dispersing it by Coulomb forces into a fine spray of charged 
droplets (usually < 2 µm) (Figure 2.3b). When operated in the stable Taylor cone-jet mode, the 
droplets formed by this process are highly charged and fairly monodispersed.27, 28  
Ultrasonic nebulizers use the periodic mechanical vibration of ultrasound (50 kHz to 2.4 
MHz) to destabilize liquid films to a point of break-up and formation of droplets.29 Common 
examples of ultrasonic nebulizers include ultrasonic cleaning baths, direct-immersion ultrasonic 
horns, and flow reactors. 
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The produced droplet size distribution and overall output will depend on the aerosol 
generation method. Monodisperse aerosols have narrow size distributions and lower geometric 
standard deviation values (g). The geometric standard deviation value at which an aerosol can be 
considered generally monodisperse is quite subjective, but a good rule of thumb is g ≤ 1.25. The 
primary droplets generated by electrospray are smaller and more monodlsperse (g ≤ 1.15), 
compared to those generated by pneumatic nebulizers (g > 1.5).30 
2.2.2 Aerosol Synthesis and Assembly of Nanomaterials 
After generation, the aerosols are passed through a heating zone, which is usually either a 
flame or furnace. In the heating environment where solvent evaporates, supersaturation of solutes 
can be quickly reached, and the solutes begin to precipitate at the surface of the droplet. If the 
evaporation occurs slowly and the solute has a relatively high solubility, a solid particle can be 
formed. On the other hand, if the heating and evaporation occur rapidly enough and the solute has 
relatively low solubility, a shell of solute can lead to production of hollow particles. The precursor 
can thermally decompose (spray pyrolysis), or only be dried without chemical reactions (spray 
drying). Release of gas trapped inside the hollow spheres can result in porous particles, and rapid 
evolution of gas can even break the shell structure. In addition, the molecules or nanoscale building 
blocks within the aerosolized droplets can also self-assemble into architecturally defined (e.g., 
porous or hollow structures), hierarchical, and composite nanostructures (evaporation-induced 
self-assembly, EISA).31 Two types of heat applications are widely used: 
2.2.2.1 Furnace Reactors 
The generated aerosols are carried by carrier gas (e.g., N2 or air) to a heated tube furnace, 
which is usually dozens of centimeters to one meter long. The residence time is on the order of 
seconds and maximum temperatures are generally lower than 1300 °C. The furnace reactors are 
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widely used for both spray pyrolysis and spray drying. Each aerosolized droplet can be regarded 
as one micro-droplet reactor, undergoing solvent evaporation, precursor precipitation and 
decomposition, and particle formation. As each aerosol droplet typically contains multiple sites 
from material nucleation, polycrystalline nanoscale or microscale particles are produced. Sintering 
and densification can further occur in the extended heated zones. 
2.2.2.2 Flame Reactors 
The precursor aerosols are passed through a flame (flame spray pyrolysis). The residence 
time of precursor within a flame is on the order of milliseconds (the flame length usually on the 
order of centimeters), and the maximum temperature can reach as high as 3000 °C. The small 
particles nucleate, coagulate quickly and subsequently agglomerate into product material. The 
necessary presence of O2 in the fuel for combustion makes it difficult to make non-oxide materials 
as pure samples. Besides, the short residence time in the heat source can make controlling particle 
nucleation and agglomeration difficult, and the high flame temperatures limit the production of 
metastable materials, both in terms of crystalline phase and shape.31 
2.2.3 Synthesis of Crumpled Graphene Oxides 
To generate water droplets containing GO nanosheets, both pressure and ultrasonic 
nebulizers have been demonstrated.9, 32 Crumpling of GO sheets under ambient temperature were 
observed using low concentration of GO precursor solution (e.g., 2 mg/L),33 while in other cases, 
a heating element, usually a furnace, is applied to induce the rapid evaporation of water. For this 
work, the aerosol synthesis of crumpled graphene oxide (CGO) is accomplished using a furnace 
aerosol reactor (FuAR), which consists of a 6-jet Collison nebulizer, a tube furnace, a diffusion 
dryer, and a membrane filter (Figure 2.4). The precursor was initially atomized into micrometer-
sized droplets by using a Collison nebulizer (BGI Incorporated). These water droplets containing 
 22 
 
flat GO nanosheets (and nanoparticles, if needed) are subsequently delivered by N2 into the tubular 
alumina reactor (1 m × 25 mm ID) maintained at preset temperature (room temperature to 1000 °C). 
The flow rate is generally operated at 12.4 L/min (nebulizer pressure 14 psi (96.53 kPa)), resulting 
in ~1.6 s residence time. Finally, the nanocomposites are collected downstream of the reactor using 
a membrane filter (Millipore), weighed and dispersed into water to obtain 200 mg/L dispersion. 
For in-line measurement of particle sizes, a split stream is introduced into a scanning mobility 
particle sizer (SMPS). 
 
Figure 2.4 Scheme diagram of a FuAR employed to synthesize CGO 
 
2.3 Environmental Applications of Graphene Oxide Material 
With regard to environmental applications, graphene oxide has been demonstrated in a 
number of technologies, including sorbents, photocatalysts, water treatment membranes, and 
electrodes for contaminant degradation and sensing.34 For example, high surface areas and unique 
structures (co-presence of hydrophobic and hydrophilic parts) underpin broad applications as novel 
sorbents. Adsorption of many metal/radionuclide ions and organic pollutants have been 
demonstrated., including As3+and As5+,16 Cu2+,35 Co2+,36 Hg2+,37 U6+ and Eu3+,38 dyes,39 polycyclic 
aromatic hydrocarbons (PAH),40 and organophosphorus pesticides.41 Some of these values are 
among the highest reported adsorption capacities. In the following sections, an overview of its 
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applications as photocatalysts and water treatment membranes, which are directly related to this 
work, is provided: 
2.3.1 Photocatalysts 
Photocatalysts, as a pollution mitigation strategy, have attracted tremendous amount of 
research interest and investment, as the concept of directly harvesting and utilizing sunlight is 
appealing both economically and with regard to process scale-up. Various photocatalysts have 
been developed, including semiconductors and organic compound-based photocatalysts, such as 
TiO2, ZnO, CdS, ALa4Ti4O15 (A = Ca, Sr, and Ba) and rhenium complexes.
42 Photocatalytic 
reaction mechanisms have been well documented. Take the most commonly employed 
photocatalyst, TiO2, as the example, whereby the TiO2 semiconductor produces electron-hole pairs 
upon UV irradiation with energies greater than its band gap (3.2 eV).43 The photo-induced hole-
electron pairs are separated in the space-charge layer, and can lead to oxidation and reduction 
reactions, respectively, due to their strong redox potentials (valence band hole: 2.5 V vs. SCE and 
conduction band electron: -0.7 V vs. SCE).44  
For many photocatalysts, a major hurdle to overcome is the rapid recombination of holes 
and electrons. Coating the photocatalyst with metal nanoparticles, such as platinum42 or copper,45, 
46 is a viable approach to enhance the separation (time) of holes and electrons, if the metal has high 
electron conductivity and can work as an effective electron trap. An issue with this approach is 
that small noble metal nanoparticles sinter into large ones, leading to a decrease in the enhancement 
effect over time. The benefits of incorporating graphene for such enhancement have been shown 
to be multiple-fold. Graphene can act as additional adsorption sites, as sensitizers, and decrease 
the band gap, depending on the specific case/combination. Most importantly, a substantial 
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suppression of the recombination of separated holes and electrons can occur, leading to increased 
reactivity via electrons and holes and radicals.47  
To synthesize graphene-based photocatalysts, in situ growth of photocatalyst nanoparticles 
is preferred over other routes, such as simple mixing. Graphene has a large surface area, which 
means abundant active sites for such reactions to occur. For example, in a typical hydrothermal 
approach, dissolved TiO2 (P25) molecules precipitate on the graphene sheets when the solution 
condition changed.17 Such in situ growth leads to close contact between graphene and 
nanoparticles, and in some cases forming a covalent bonding (e.g., Ti-O-C bond17), which is shown 
to increase the absorption range (red-shift) and decrease the band gap.  
Photocatalysts applied for pollution remediation/transformation purposes primarily rely on 
photo-induced holes and electrons. The photo-induced holes can directly oxidize other pollutants 
(depending on redox potential), or oxidize water to produce a suite of reactive oxygen species 
(ROS), thus allowing for indirect oxidation to take place; on the other hand, electrons can directly 
reduce pollutants, or reduce oxygen to produce oxidative super oxide anions.47, 48 According to the 
nature and purpose of related reactions, the applications of photocatalyst have been categorized 
into three primary groups: oxidative decontamination, reductive decontamination, and disinfection. 
Oxidative reactions involve direct reactions of holes and indirect oxidations of ROS. The 
production of ROS results from a series of chain reactions (Eqn. 1-5), with major species produced 
being OH·, O2-·, HO2·, and H2O2. Among these, OH· is considered the strongest species, and is 
capable of transforming a wide range of organic pollutants. Many oxidative reactions by graphene-
based photocatalysts have been evaluated with model organic dyes (such as methyl orange, 
methylene blue, and Rhodamine B17, 49, 50) and pharmaceutical compounds.48 
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h+ + H2O → OH· + H+                                                                                                                                                             (1)   
e + O2→O2-·                                                                                                                         (2)                                   
O2
-· + H+ → HO2·                                                                                                                (3)                                                                        
HO2·+ O2-· + H+ → H2O2 + O2                                                                                            (4)                                              
H2O2 + e → OH· + OH-                                                                                                       (5)                                                         
While such oxidation by holes and indirect oxidation by ROS are considered to be the main 
reaction mechanisms for graphene-based photocatalysts, significantly less attention has been paid 
to the effect of increased electron production (via charge separation), which could potentially 
promote strong photocatalytic reduction pathways. Photocatalytic reduction reactions can be 
utilized for pollutant removal in both gas and aqueous phases. For example, photo-reduction of 
CO2 (into hydrocarbon fuels, such as CO and CH4) is considered as a promising alternative route 
for greenhouse gas management and utilization.51 For water purification, photocatalysts have been 
mainly shown in the reduction of oxyanions (e.g., BrO3
-,52 ClO4
-,53) and metal ions (e.g., Cr6+,54). 
However, these reductive applications are still limited for graphene-based photocatalysts. 
Disinfection by graphene-based photocatalysts has been also demonstrated for model 
pathogens (both viruses and bacteria). For example, graphene-tungsten oxide composites were 
shown to effectively inactivate bacteriophage MS2 virus under visible light.55 Reduced GO-coated 
TiO2 thin films were shown to have inactivated E. coli under solar light irradiation, demonstrating 
a ×7.5 enhancement factor compared to TiO2 alone.
56 The oxidative stress induced by ROS has 
been proposed as the reaction mechanism, and presence of graphene has enhanced the generation 
of ROS, thus inactivation performance.34 
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2.3.2 Membrane Development and Application 
2.3.2.1 Monolayer Nanoporous Graphene for Desalination 
Despite being only one atom thick, graphene is considered to be impermeable to all gases 
and liquids.57 Yet in its nanoporous form, graphene has been hailed as an ideal candidate for 
reverse osmosis (RO) membranes as it is atomically thin and mechanically robust. The ultimately 
thin selective layer can maximize the permeability, as water permeability typically scales inversely 
with the selective layer thickness. It is intuitive to imagine ‘knocking out’ carbon atoms from the 
matrix to form pores for the separation purposes, which was initially examined by a series of 
theoretical studies.58, 59 The concept of nanoporous graphene RO membrane was tested and proved 
by Cohen-Tanugi and Grossman in their molecular dynamics (MD) simulations.59 The MD 
simulations included two water reservoirs separated by a nanoporous graphene layer, and water 
and ions were subjected to a driving force across the membrane (i.e. pressure) (Figure 2.5a). They 
estimated that the water permeability could reach as high as ~ 103 L/(m2·h·bar), which is 2-3 orders 
of magnitude greater than that of typical thin film composite RO membranes (~ 1-10 
L/(m2·h·bar)).59 They also revealed that full salt rejection can be achieved with very small 
nanopores (radius ≤ 0.27 nm), and precise and highly uniform nanopores are critical to achieve 
such high salt rejections. Experimentally, researchers began to fabricate graphene nanosheets and 
develop various methods of creating controlled pores (0.4-10 nm) in the past two years. In one 
recent study,60 Surwade et al. created nanopores in monolayer graphene using an oxygen plasma 
etching process (Figure 2.5b). With 1.5 s exposure to oxygen plasma, nanopores with size range 
of 0.5-1 nm and a density of 1012 cm-2 were created. The resulted membranes exhibited a salt 
rejection rate of nearly 100% and water flux as high as 70 g/(m2·s·atm) (~250 L/(m2·h·bar)) when 
measured using osmotic pressure as a driving force.60  
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 Nanoporous graphene has shown great promise for desalination membranes (demonstrated 
in both theoretical and experimental studies), however, these demonstrations were accomplished 
at very small scales (micrometer sizes) and under nearly perfect reaction/processing conditions. 
Achieving highly uniform, sub-nanometer pores in large-area sheets of graphene remains the 
critical challenge for nanoporous graphene membranes to be mass produced.61 Manufacturing of 
large-area graphene films has made recent progress, and monolayer film as large as > 30 inch can 
be manufactured by the roll-to-roll CVD processes.5 Deficiencies in CVD graphene sheets, such 
as defects from growth and transfer processes, may be a source of potential problems for the 
desalination applications, which decrease the salt rejections by serving as ion channels, and affect 
membrane mechanical integrity. This underpins the current need for technological improvements 
in fabricating large-area and almost intact graphene and/or approaches to mitigate the adverse 
effects such as by remediation of the defects. While complete elimination of defects seems 
improbable; sealing, blocking, or reducing molecular permeation through defects may be more 
realistic. For example, hafnia and nylon were deposited onto defects-embedded monolayer 
graphene to respectively block nanoscale and large defects, which has showed effective reduction 
of potassium chloride leakage from the membrane.62 Furthermore, novel methods to create evenly 
distributed and uniform nanopores need to be developed, in addition to what has been 
demonstrated (e.g. electron beam exposure, oxidative etching, and ion/cluster bombardment). The 
challenges with mass application of nanoporous graphene membranes do not only exist in the 
fabrication of nanoporous graphene itself, but also in the integrated manufacturing process of the 
filtration system, such as integration of the graphene layer and support, which has yet to be 
demonstrated. In this regard, developing detailed experimental understanding of deformation and 
fracture micro-mechanisms under typical RO conditions is crucial.63 
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Figure 2.5 (a) Computational system used in previous study by Cohen-Tanugi and 
Grossman,41 reprinted with permission from reference 41, copyright 2012 American 
Chemical Society; (b) Schematic and SEM image of single-layer graphene suspended on a 
5-µm-diameter hole. O2 plasma treatment was found to successfully create controlled 
nanopores in graphene.42 Reprinted with permission from reference 42, copyright 2015 
Nature Publishing Group. (c) Schematic diagram of GO membranes, the deposited GO 
layers can be GO nanosheets or nanocomposites; (d) Schematic diagram of GO as nanofillers 
in polymeric membranes. 
 
2.3.2.2 GO Membranes 
GO-based membrane demonstrations began with so-called GO paper(s) (here for 
convenience, we arbitrarily distinguish GO papers as free-standing GO laminates (without 
polymer support), while GO membranes as GO-polymeric composite membranes). GO paper is 
free-standing, paper-like laminates, which are a collection of micron-sized GO crystallites forming 
an interlocked layered structure.64 Scanning electron microscopy (SEM) imaging reveals that well-
packed layers through almost the entire cross-section of the papers. The layer-to-layer distance (d-
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spacing) was estimated to be about 0.83 nm from X-ray diffraction experiments.64 The spacing 
allows the low-friction flow of a monolayer of water, but rejects all other vapors and gases, 
including helium (i.e. H2O vapor permeates through the membranes at least 10
10 times faster than 
He).65 They are vacuum-tight in the dry state but, if immersed in water, act as molecular sieves, 
blocking all solutes with hydrated radii larger than 4.5 angstroms.66 Interestingly, smaller ions 
permeate through the membranes at rates thousands of times faster than what is expected for simple 
diffusion, which is attributed to capillary-like high pressures acting on ions inside the graphene 
capillaries.66 Nevertheless, the permeation (flux) through these GO papers remains insufficient to 
allow them to compete with commercial pressure-driven membranes.67 
GO membranes are GO paper-like surface selective and/or functional layers on top of 
porous supports (e.g., polymeric polysulfone (Psf), polyethersulfone (PES) membranes) (Figure 
2.5c). Conceptually, such membranes were made by deposition of a thin layer of GO or GO 
nanocomposites (a few nm to µm) onto a relatively thicker support membrane (usually > 100 µm) 
via various techniques, such as vacuum filtration68 and layer by layer deposition.69 The GO layers 
deposited onto polymeric supports were usually thinner than the free-standing GO papers. The 
deposited layer was hypothesized to form particular nanochannels which could facilitate fast water 
transport, and meanwhile achieve selective functions.18, 69  
Hu and Mi created a selective surface layer atop Psf support by layer-by-layer depositing 
cross-linked flat GO nanosheets.69 The as-synthesized membranes showed a 4-10 times higher 
water flux (~ 8-27 L/(m2·h·bar)) than that of most commercial, comparable nanofiltration 
membranes.69 The high water flux was partially attributed to the unique water transport properties 
of the GO nanochannels formed between two horizontally paralleled GO nanosheets. In our recent 
work,24 we designed and demonstrated assemblies of crumpled graphene oxide (CGO) with 
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vertically tortuous nanochannels for ultrafiltration, which have water flux as high as ~400 
L/(m2·h·bar) (3.7 g/m2 deposition), outperforming comparable commercial ultrafiltration 
membranes. In both studies,18, 69 surface charge is believed to play a role in rejection performance, 
in addition to size exclusion effect. Huang et al. demonstrated the development of channels of 3-5 
nm in size by sacrificially etching out copper hydroxide nanostrands (~2.5 nm in diameter) 
sandwiched within the GO membranes.67 By ‘opening up’ the channels, a much higher water 
permeation was achieved (~700 L/(m2·h·bar)) compared to pristine GO membranes, while still 
having fairly high rejection of small model foulants (e.g., complete rejection of 5 nm gold 
nanoparticles).67 Other methods employed in a similar manner include intercalating carbon 
nanotubes,68 and carbon dots.70 Further, for bio-fouling control, (partial) coverage of thin-film 
composite polyamide membranes by GO nanosheets were achieved using amide coupling between 
carboxyl groups of GO and carboxyl groups of polyamide.71 The membranes have shown potential 
antibacterial activity - for example, 65% E. coli inactivation was observed after 1 h surface contact, 
without causing detrimental effect to the membrane transport properties.71  
When combined with other functional nanoparticles, GO membranes can be further 
engineered to be photo-reactive18, 72 or (more) antimicrobial,18, 71 achieving simultaneous filtration 
and pollutant destruction/pathogen inactivation. For example, the antimicrobial properties of a GO 
membrane were further enhanced through the incorporation of Ag NPs in the GO layer, achieving 
almost complete inactivation of bacteria.18 Ray et al. modified the polyamide membranes with GO 
and Au nanostars, and showed additional bactericidal property by photothermal effects of Au upon 
laser irradiation.19 In addition, photo-reactive (reduced) GO-TiO2 composite membrane surfaces 
were created via layer-by-layer deposition72 and vacuum filtration.18, 73 In batch mode, the 
membrane coupons had approximately one order of magnitude lower photo-reaction rate constants 
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compared to those of monomeric (suspended) graphene-TiO2 nanocomposites, due to decrease of 
available surface areas to both light and model organic pollutants.24 They all showed higher 
permeate fluxes (and pollutant removals) under UV light irradiation conditions when evaluated in 
the flow-through mode.18, 72, 73  
Other advantages of GO membranes include the fact that they do not need to meet the high 
quality (low defect) requirement of graphene materials like nanoporous graphene. GO membranes 
utilizes (functionalized) GO nanosheets or nanocomposites, and some of the simple and well 
understood synthesis approaches. They also can be tuned accordingly to, cover a broader spectrum 
of membrane applications from MF to RO. In addition, GO membranes are less material-intensive 
compared to other approaches such as using GO as nanofillers (component impregnation, 
discussed later), considering the (ultra)thin nature of the surface layer. The top layer could be as 
thin as a few atomic layers (~ 10 nm), corresponding to a mass density of only dozens of mg/m2, 
while as component impregnated into the entire membrane matrix, the material consumption can 
be tens or hundreds of times higher (g/m2). Taken together, GO membranes do have unique 
technological and economic comparative advantages over the other two types discussed. 
Nevertheless, synthesizing GO membranes involves fairly complicated chemical processes, 
including support membrane pre-treatment, cross-linking of GO sheets, and sometimes pre-
functionalization of GO sheets. More concerted efforts will be needed to understand and develop 
each individual process and their integration. Current technical schemes are focused on vacuum 
filtration,18, 73 or chemical cross-linking using 1,3,5-benzenetricarbonyl trichloride (TMC)69 or 
amine-based agents.18, 71 Approaches like electrostatic layer-by-layer deposition, in situ synthesis 
will also be of great interests. For (re)active GO membranes (e.g. GO-Ag and GO-TiO2 
membranes), it can be difficult to integrate functional materials into current membrane fabrication 
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and application processes. There needs to be regeneration strategies for dissolution-based 
mechanism of bacterial inactivation (e.g. GO-Ag membranes). In addition, new system design of 
photo-reactive membranes, which will include light irradiation apparatus besides GO-TiO2 
membranes, could potentially have limited application avenues.  
GO membranes can have very different water transport mechanisms. For example, it was 
found that water flux did not decrease monotonically as the number of flat GO layers increased;69 
however, for crumpled GO membranes shown in our recent work,18 the water flux did decrease 
with the increase of CGO mass, similar to conventional polymeric membranes. For GO-based 
membrane surfaces, water transport mechanisms were proposed based on previous understandings 
of free-standing GO papers (as discussed earlier), which could deviate as a result of chemical 
functionalization of GO. Furthermore, separation mechanisms are still not well understood, which 
could include size exclusion, depth filtration and charge-based mechanisms. Knowledge on the 
fundamental aspects of water transport and molecular/ion retention will lead to new design and 
development of robust and effective GO membranes. 
2.3.2.3 GO as Nanoscale Fillers 
The incorporation of nanoparticles into polymeric membranes have been extensively 
studied with nanoparticles such as CNT and TiO2. Nanoparticles can be easily blended into the 
solvents used in the phase inversion or interfacial polymerization processes of membrane 
fabrication. In the same manner, a very small amount of GO (usually 0.1-2 wt.% with respect to 
polymer) was incorporated into conventional polymer structures, which include Psf,74, 75 PES,76 
polyvinylidene fluoride (PVDF)77 UF and polyamide RO membranes78, 79 (Figure 2.5d). Graphene 
oxide was directly blended into the polymer casting solution with the assistance of sonication and 
no changes of the operations were needed with regard to the phase inversion process. GO was 
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hypothesized to have migrated to the top surface during the phase inversion, making it more 
hydrophilic, which was supported by the observation of an average decrease of ~20° in water 
contacting angle measurements. In addition to increases in surface hydrophilicity, overall porosity 
also increased and as a result, 2-20 fold enhancements in water fluxes were observed due to the 
addition.75, 76 Rejection improvement can vary from a few percent76 to almost 3 times,77 depending 
on the polymers, GO percentage, and test foulants. Generally, an optimal GO percentage was 
identified to balance the water permeability and rejection rates, which was believed to conform to 
the classical trade-off associated with ultrafiltration membranes. Size-fractionated GO (10-200 nm) 
was dispersed in the aqueous solution of m-phenylenediamine (MPD) before interfacial 
polymerization to make GO-embedded polyamide RO membranes. The water permeability and 
anti-biofouling property were found to have enhanced by approximately 80% and 98% (based on 
the biovolume), respectively, without loss of salt rejection.78 
To date, most applications have been demonstrated using a phase inversion process to 
fabricate UF/NF membranes, and only a few focused on impregnation of GO into the polyamide 
layer with an interfacial polymerization process. The most distinctive advantage for GO as 
nanofillers is the ease with which it can be coupled with current state-of-art technologies of 
membrane fabrication, such as phase inversion or interfacial polymerization. Some scientific 
questions still need to be addressed though, for example, and perhaps most importantly, how GO 
properties (size, surface chemistry, etc.) affect the fabrication process and the performance of the 
resulted membranes; and better dispersion approaches of GO or GO nanocomposites in polymer 
solutions. In addition, top skin layer can be selectively engineered instead of the entire membrane 
structure so as to reduce material usage. In general, a detailed understanding of GO addition effects 
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on thermodynamic and kinetic aspects of the phase inversion and interfacial polymerization 
processes must be elucidated. . 
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Abstract 
A possible solution to solve the restacking issue of graphene oxide (GO) nanosheets during large-
scale production is to turn the 2D nanosheets into 3D crumpled balls that have excellent 
compressive properties but still maintain high free volumes. An aerosol-based process has been 
proven to be a rational method for this purpose, in which, the crumpling phenomenon, however, 
has hitherto remained unclear. Here we present a detailed understanding of the crumpling of GO 
nanosheets by a systematic investigation conducted in aerosolized droplets by means of in-line 
(e.g., scanning mobility particle sizer) and off-line (e.g., electron microscopy) measurements. 
Correlations between the confinement force and various parameters, such as evaporation rate and 
precursor concentration were established to derive a universally applicable equation. Both 
calculation and experimental results revealed that the evaporation rate plays an important role in 
controlling the crumpling process. 
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3.1 Introduction 
Two-dimensional (2D) graphene oxide (GO) nanosheets are attracting tremendous 
attention due to their remarkable properties stemming from unique morphology.1, 2 Theoretically, 
GO nanosheets have a large specific surface area of over 2500 m2/g,3 making them highly desirable 
for use as a 2D support for various applications. These nanosheets exhibit high flexibility, enabling 
the possibility of encapsulation for drug delivery, photocatalysis, solar cells, and electrical energy 
storage systems.3-6 The challenges of using these 2D nanosheets are related to their mass 
production. One particular issue is the tendency to aggregate (restacking) due to strong intersheet 
adhesion (van der Waals attraction).7 Restacking of these nanosheets reduces their accessible 
surface area and hence adversely affects the properties and subsequent applications. 
One possible solution is to turn the 2D nanosheets into three-dimensional (3D) crumpled 
‘ball’ like structures. Unlike flat sheets, the crumpled GO balls have high free volume and excellent 
compressive properties, and can tightly pack without significantly reducing the accessible surface 
area.8 At a crumpled equilibrium, approximately 58.6% of the accessible surface area, i.e. over 
1500 m2/g is maintained,9 which is still much larger than those of conventional laminar or porous 
materials. 
The exploration of crumpled or folded nanosheets is an active area of research, both 
theoretically and experimentally.9-13 Although GO nanosheets are very strong in terms of Young’s 
modulus (207.6 ± 23.4 GPa for monolayer GO),14 they have a propensity to be warped out-of-
plane, exhibiting ripples, folds, and scrolls.9 Theoretical exploration showed that thin sheets of 
almost all materials crumple in the same way, such that the stress energy is concentrated in the 
network of narrow folding ridges.9-13, 15 The diameter (Dp) of a randomly crumpled GO ball mainly 
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depends on the confinement force (F), which is the capillary force responsible for the crumpling 
of the GO nanosheets.10 
An aerosol-based process has been shown to be a rational method to realize the crumpling 
of GO nanosheets.8, 16 In this process, the GO aqueous suspension was atomized into fine droplets. 
Crumpled GO particles were formed by capillary compression due to rapid evaporation of the 
aerosol droplets. The method is simple yet effective, with an extremely short processing time of 
several seconds.17, 18 In addition, it is applied in a continuous manner, avoiding batch-to-batch 
variations. The crumpling of the 2D nanosheets, however, is complex, in which many parameters 
are involved. Although the production of crumpled GO particles has been demonstrated using 
aerosol methods,8, 16, 19, 20 systematic investigations on the correlations between the confinement 
force and various parameters, such as evaporation rate and precursor concentration, have not yet 
been established. In this work, we report an understanding of evaporation-induced crumpling of 
GO nanosheets in aerosolized fine droplets. A theoretical equation of the confinement force by 
considering these parameters was derived and validated by experimental results. 
3.2 Experimental 
Experimental procedures are detailed in the Supporting Information and also briefly 
described here. The GO nanosheets were prepared by using the modified Hummers method.21 The 
GO aqueous suspension is stable for months with negligible sedimentation observed (see 
Supporting Information, Figure S3.1a and S3.1b). This high stability stems from the mutual 
columbic repulsion between negatively charged GO surfaces as confirmed by the measured high 
negative zeta potential (-37 mV) (see Supporting Information, Figure S3.1c), which is consistent 
with reported values.22, 23 The mass concentration (C) of GO was determined by measuring its 
optical absorbance using a UV-Vis spectrometer (Cary 100, Varian Inc.) based on the Beer-
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Lambert law.24 The typical absorption spectra of GO and the calibration curve are shown in 
Supporting Information, Figure S3.2. The crumpled graphene oxide particles were synthesized by 
the FuAR method (Figure 3.1a). The droplet size was controlled from 2 to 4 µm by adjusting 
nebulizer pressure (Pneb) and was measured by using an aerodynamic particle sizer (APS) (see 
Supporting Information Figure S3.3 for details). The morphology and size of the GO samples were 
examined by TEM (TecnaiTM Spirit, FEI Co.) and FESEM (NOVA NanoSEM 230, FEI Co.). 
Online particle size measurements were performed by using the SMPS (TSI, Inc.) system, which 
consists of a DMA (TSI 3081, TSI, Inc.) and a CPC (TSI 3025, TSI, Inc.). During online 
measurements, a 0.3 lpm slip-stream of aerosols was drawn into the SMPS system. The above size 
measurements for each sample were performed five times and average data and standard deviations 
were obtained. 
3.3 Results and Discussion 
The GO nanosheets were prepared by using a modified Hummers method (see 
Experimental Section and Supporting Information S3.1 for details).21 The GO aqueous suspension 
was used as the precursor for synthesis of crumpled GO particles by means of a furnace aerosol 
reactor (FuAR) method (Figure 3.1a, see also Supporting Information S3.1).25 A possible 
formation pathway of the crumpled GO particles inside the FuAR is shown in Figure 3.1b. The 
precursor was atomized into micrometer-sized (2-4 µm) droplets by a six-jet Collison nebulizer 
(BGI Incorporated), and the aerosol was delivered by nitrogen gas into an alumina reactor 
maintained at predetermined temperatures to heat it for several seconds (see Table 3.1 for residence 
times). The aerosolized droplets then underwent solvent evaporation, evaporation-driven 
crumpling of GO nanosheets, and further drying to form the final GO or reduced GO (r-GO) 
particles. The magnitude of the confinement force is a critical factor determining the morphology 
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as well as the size of the dry GO particles. If the evaporation rate is slow, the confinement force is 
weak; hence only GO nanosheets with ripples (the so-called rippled GO26) are formed (see Figure 
3.1b). On the other hand, crumpled GO balls are obtained when the confinement force is high due 
to rapid evaporation. These GO samples were then collected downstream of the reactor using a 
glass microfiber filter for further characterization. 
 
Table 3.1 Effect of solvent evaporation ratea 
Furnace 
temperature 
(°C) 
Residence 
time 
(s) 
Diffusion 
coefficient 
(m2/s) 
Evaporation 
rate 
(g/s) 
Evaporation 
time 
(s) 
Particle 
diameterb 
(nm) 
Confinement 
forcec 
(µN) 
200 
1.87 6.38×10-5 4.43×10-7 2.65×10-5 88.22±0.49 29.75 
400 
1.63 1.14×10-4 7.88×10-7 1.49×10-5 84.32±0.16 34.87 
600 
1.26 1.59×10-4 1.11×10-6 1.06×10-5 83.40±0.77 37.80 
800 
1.02 2.06×10-4 1.43×10-6 8.22×10-6 80.99±0.89 45.58 
1000 
0.86 2.53×10-4 1.76×10-6 6.69×10-6 75.14±1.74 56.23 
aPrecursor concentration = 0.3 mg/ml, nebulizer pressure = 96.53 kPa (Dd = 2.82 µm), 
bGeometric 
mean diameter, obtained by SMPS measurements for the “0 dryer” case; cCalculated for the “0 
dryer” case. 
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Figure 3.1 Experimental setup. (a) Schematic diagram of a furnace aerosol reactor (FuAR) 
and (b) the possible formation mechanism of crumpled graphene oxide. SMPS: Scanning 
mobility particle sizer, an in-line particle size measurement system. 
 
The morphology of the GO samples was examined by transmission electron microscopy 
(TEM) and field emission scanning electron microscopy (FESEM). Figure 3.2 shreds light on the 
morphology evolution of the GO samples prepared at different furnace temperatures (Tf) (see Table 
1 for corresponding evaporation rates). At low temperatures, e.g., 200°C, only rippled GO 
nanosheets rather than crumpled GO particles were obtained as verified by both FESEM and TEM 
images (Figure 3.2a and 3.2e). The GO nanosheets are warped with ripples and ridges, but no 
crumpled GO balls were observed due to the weak confinement force generated by slow water 
evaporation. The color of the GO sample collected at this temperature is pale yellow (see the digital 
photo in Figure 3.2a and 3.2e), indicating a low reduction percentage of GO to graphene. At 
temperatures of 400°C and higher, crumpled GO particles were formed. A typical crumpled GO 
particle was highlighted in Figure 3.2b (inset), which has a quasi-spherical morphology with 
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relatively smooth surfaces. More sharp ridges emerged on the crumpled GO particles with 
increasing furnace temperature (see inset in Figure 3.2c). At even higher temperatures, such as 
1000°C, crumpled GO particles also tended to agglomerate due to sintering effect (Figure 3.2d and 
3.2h).27 The color of the GO samples changes from pale yellow to dark brown to black with 
increase in furnace temperature, as seen when the reduction of GO proceeds. This has been 
suggested as partial restoration of the π network within the carbon structure (thermal reduction) 
and has been witnessed through chemical reduction of the GO sheets.28 The reduction of GO is not 
a significant factor to be considered in the crumpling process and hence is not the major focus of 
this work. The particle size distribution (PSD) of the crumpled GO particles was analyzed from 
the FESEM images and an example can be found in Supporting Information (Figure S3.4), from 
which a peak diameter of around 200 nm is observed for the crumpled GO particles synthesized 
from a diluted GO suspension. It should be noted that the particle sizes obtained from SEM/TEM 
images are often overestimated due to particle agglomeration caused during sample preparation. 
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Figure 3.2 Morphology evolution of graphene oxide particles as a function of furnace 
temperature. (a) to (d) are FESEM images and (e) to (h) are corresponding TEM images. 
(a)/(e) 200°C, (b)/(f) 400°C, (c)/(g) 800°C, and (d)/(h) 1000°C. The spherical inset at each 
condition is the corresponding digital photo of graphene oxide collected on a filter. 
Individual crumpled GO particles are highlighted in Figure 3.2b (gold) and 3.2c (aqua).  
 
In addition to the off-line particle size analysis, in-line particle size measurements of GO 
particles were also carried out by using a scanning mobility particle sizer (SMPS, TSI Inc.), 
consisting of a differential mobility analyzer (DMA) for particle size classification and 
condensation particle counter (CPC) for particle number concentration measurements. It is a highly 
reliable methodology, having a capability of measuring aerosol sizes ranging from several to 
several hundred nanometers; and the number concentration up to 107 particles/cm3. Details of the 
operating principles of the instrument are well documented.27 A typical PSD of the crumpled GO 
particles synthesized from a diluted GO aqueous suspension is shown in Figure 3.3a, from which 
the geometric mean diameter (Dpg) of 84.32 ± 0.16 nm was obtained. Similar measurements of 
crumpled GO particles by SMPS were also conducted by Ma et al.16 The above PSD was achieved 
for the crumpled GO particles prepared without adding a diffusion dryer in front of the furnace 
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(the “0 dryer” case, see inset in Figure 3.3a). In this case, Dpg of the crumpled GO particles 
decreases with increasing evaporation rate (see Table 1 for corresponding Tf) (open squares with 
solid line, Figure 3.3b). The reason for this is attributed to the increased confinement force as the 
solvent evaporation rate increased. Although the determination of the confinement force exerted 
on the GO nanosheets is complex due to the large number of physical and geometric 
uncertainties,16 the correlation between the confinement force and solvent evaporation rate is of 
vital importance and should be understood quantitatively.  
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Figure 3.3 Particle size measurements and confinement force calculations. (a) A typical 
particle size distribution of crumpled GO particles synthesized at 400°C from 0.3 mg/ml 
suspension measured by SMPS, (b) Geometric mean diameters of crumpled GO particles 
and the corresponding confinement force as a function of evaporation rate. The above 
measurements and calculations were carried out at the following conditions: Pneb = 96.53 
kPa (Dd = 2.82 µm) and C = 0.3 mg/ml. 
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The solvent evaporation rate (κ) of single droplet can be calculated using the follow 
equation27 
 /d em   (1) 
where md is the droplet mass, and τe is the evaporation time in the continuum region and 
can be estimated by the following equation27 
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d d d
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g d
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D MP
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where R is the gas constant, ρd is the droplet density, Dd is the droplet diameter, Dg is the 
gas-phase diffusion coefficient of the solvent (as a function of Tf), M is the molecular weight of 
the solvent, Td is the droplet surface temperature (= boiling point of water when Tf ≥ 100°C), and 
Pd is the vapor pressure of the solvent at the surface of the droplet.  
On the other hand, the mass density of a crumpled spherical GO particle,  , follows a 
scaling equation12 
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where m  is density of GO (1800 kg/m
3),29 Y is the two-dimensional Young’s modulus 
(145.32 N/m for a single GO sheet),14 ,   is the force scaling exponent (0.25 for GO),10 D is the 
characteristic fractal dimension (2.54 for GO),16 h is the GO thickness (0.7 nm), and
pD  is the 
particle diameter measured by SMPS. Dp of a crumpled GO particle can be also estimated 
following one-droplet-to-one-particle (ODOP) principle based on the mass conservation18, 30 
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where C is the precursor (mass) concentration. Combining above equations yields the 
following equation of the confinement force 
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 ). In this work, 
the furnace temperature is always higher than 100°C, thus Td and Pd become constant as well. 
From equation 5, the confinement force, F, is propositional to mass concentration of precursor (
1.57F C ) and the evaporation rate ( 4.72F  ), but inversely propositional to particle diameter (
4
pF D
 ). At a fixed droplet size and precursor concentration, the evaporation rate is the only 
variable to be considered. Detailed derivation of equation 5 can be found in Supporting 
Information S3.2. 
The corresponding confinement forces at different evaporation rates in the “0 dryer” case 
were calculated and plotted in Figure 3.3b (solid squares with dotted line), from which the direct 
proportionality of the confinement force with evaporation rate is observed. This clearly explains 
the reason for the smaller GO particles at higher evaporation rates, as the confinement force is 
larger and the GO nanosheets can be warped and compressed into smaller balls. The calculated 
confinement force associated with drying nanometer-scale water droplets has also been estimated 
both theoretically and experimentally.16, 31 In this work, higher confinement forces (in the order of 
20 to 60 µN) were obtained possibly due to higher evaporation rate and larger droplets as compared 
to previous studies. Further analyses of the confinement forces and the corresponding GO 
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morphologies at different evaporation rates suggest that a critical confinement force may exist at 
around 30 µN in this work. Only if the confinement force is higher than the critical value could 
the crumpled GO balls form. Detailed calculation results were also summarized in Table 3.1. 
It is clear that the water removal from nanosheets drives the crumpling process, the so-
called evaporation-induced crumpling.8, 16 The furnace temperature is therefore the important 
parameter as it determines the evaporation rate. Previous research on the thermal stability analysis 
of self-adhered membranes, however, indicated that the heating has no significant effect on the 
crumpling process.9, 13, 16 To verify this effect, diffusion dryers were added in front of the furnace 
(see inset in Figure 3.3a). The purpose of adding diffusion dryers was to absorb water from droplets 
before their entering into the furnace. By a simple calculation, two diffusion dryers are enough to 
absorb almost all water from droplets (see Supporting Information S3 for details). Therefore the 
crumpling should happen mostly inside the diffusion dryers rather than inside the furnace in the 
case of adding dryers. Figure 3.3b shows the particle sizes of crumpled GO particles as a function 
of evaporation rate (see corresponding Tf in Table S3.1) under different configurations of diffusion 
dryers. As explained above, the particle size decreases significantly with increasing furnace 
temperature in the case of no diffusion dryer installed. However, with diffusion dryers installed, 
the temperature effect becomes insignificant; where the particle size curves are rather flat (constant 
size). Furthermore, in the case of two dryers installed, the particle sizes are generally larger, and 
they did not decrease after temperatures increased from 600 to 1000°C (corresponding to 1.11×10-
6 to 1.76×10-6 g/s). The larger particle sizes obtained are due to the weaker confinement force 
exerted on GO nanosheets resulting from slow evaporation rate (at room temperature inside the 
dryers). The results also confirmed that without evaporation of water in the furnace, the furnace 
temperature has no significant effect on the crumpling process, consistent with the previous 
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reports.9, 13, 16 Additional results on the effect of diffusion dryers at different furnace temperatures 
are also summarized in Supporting Information, Table S3.1. 
From a practical point of view, the precursor concentration is an important factor to be 
taken into account, which has been investigated as well (see Supporting Information, Table S3.2). 
From the results, the confinement force decreases with the precursor concentration. Based on 
equation 5, the confinement force should be proportional to the precursor concentration. On the 
other hand, as from equation 4, with increasing precursor concentration, the particle size also 
increases based on the mass conservation. The particle size, however, is inversely proportional to 
the confinement force (see equation 5). Therefore, the results are the compromise between the 
precursor concentration and particle size based on equations 4 and 5.  
 
Figure 3.4 TEM images of the crumpled GO particles as a function of pH. (a) 2.80, (b) 4.16, 
(c) 7.19, and (d) 10.02. The crumpled GO was synthesized from a diluted GO suspension (C 
= 0.3 mg/ml) at 400°C. 
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pH is another crucial parameter to be considered that is closely related to the physiological 
activity of GO aqueous suspension.32 The effect of pH on the stability of aqueous GO solution has 
also been studied (see Supporting Information S3.4 for details). The results reveal that the zeta 
potential increases with pH, indicating the increase in electrostatic repulsive force, which is 
responsible for stabilization (Figure S3.5).22, 23 It is therefore expected that the number of 
multilayered GO sheets inside a crumpled GO particle may increase with decreasing zeta potential. 
However, there are no significant size and morphology variations of the crumpled GO particles 
prepared from GO aqueous solutions with different pH based on TEM (Figure 3.4) as well as 
SMPS analyses (Supporting Information, Figure S3.6). The reason may be due to the smaller 
magnitude of the electric repulsive force as compared to the corresponding confinement force, 
which needs further investigation in the near future. 
3.4 Conclusion 
In conclusion, the evaporation-induced crumpling of GO nanosheets in aerosolized fine 
droplets was investigated systematically leading to a fundamental understanding of the process. A 
universal equation of the confinement force was derived by considering various parameters, such 
as evaporation rate and precursor concentration. This was verified by our experimental results; and 
should be useful for future applications of crumpled GO particles. 
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S3.1. Extended Experimental Methods 
Synthesis of Graphene Oxide. The graphene oxide nanosheets were prepared by using the 
modified Hummers method.1 Graphite powders (45 µm, Sigma-Aldrich) were used as the raw 
materials. In this method, 50 ml of concentrated sulfuric acid (H2SO4) was added into a beaker 
containing 2 g of graphite at room temperature. The beaker was cooled to 0°C by using an ice bath. 
Six gram of potassium permanganate (KMnO4) was then slowly added to the above mixture while 
it was allowed to warm to room temperature. The suspension was stirred for 2 h at 35°C. After the 
suspension was cooled in an ice bath, it was diluted by 350 ml of deionized (DI) water. Then, 
hydroperoxide aqueous solution (H2O2, 30%) was added until the gas evolution ceased in order to 
reduce residual permanganate. The suspension was then filtered, washed by DI water, and dried at 
room temperature for 24 h to obtain brownish graphite oxide powder. The dry graphene oxide 
powder was redispersed in DI water and sonicated for 3 h to get exfoliated single nanosheets. The 
suspension was then centrifuged at 10,000 rpm for 30 min and the supernatant was used as the 
precursor for crumpled graphene oxide preparation. The GO aqueous suspension is stable for 
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months with negligible sedimentation observed (see Figure S3.1 for details). This great stability 
stems from the mutual columbic repulsion between negatively charged GO surfaces as confirmed 
by the measured negative zeta potential (-37 mV) (Figure S3.1c). Functional groups such as 
epoxides, hydroxyls, and carboxylic groups adorn the surface of GO to render it suspendable in 
polar solvents. The mass concentration of GO was determined by measuring its optical absorbance 
using UV-Vis spectra based on the Beer-Lambert law.2 A linear relationship between the 
absorption intensity and the concentration of GO in a wide range has also been observed 
previously.3 The typical absorption spectra of GO with different mass concentrations were plotted 
in Figure S3.2a and the calibration curves are shown in Figure S3.2b.  
 
Figure S3.1. Representation characterization results of graphene oxide. (a) Photo of GO 
aqueous suspension, (b) Corresponding TEM image of GO nanosheets, (c) Zeta potential, 
and (d) intensity-based size distribution measured by DLS. 
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Figure S3.2. Mass concentration determination by UV-Vis measurements. (a) Typical UV-
Vis absorption spectra of GO aqueous solutions with different concentrations, and (b) the 
corresponding calibration curve.  
 
Synthesis of Crumpled Graphene Oxide Particles. The crumpled graphene oxide particles were 
synthesized by a furnace aerosol reactor (FuAR) method, which is schematically shown in Figure 
3.1a. The FuAR consisted of a 6-jet Collison nebulizer (BGI Instruments, Waltham, MA) as the 
atomizer, an electric furnace, a tubular alumina reactor, a microfiber filter, an air pump, and 
cooling and gas feeding systems. The schematic diagram of crumpled GO particle formation inside 
the FuAR is shown in Figure 3.1b. The precursors were atomized into micrometer-sized droplets 
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by means of the atomizer, and the mist was delivered by air into the tubular alumina reactor (1 m 
in length and 25 mm in inner diameter) maintained at predetermined temperatures (from room 
temperature to 1000°C), followed by heating for several seconds. The droplet size (Dd) was 
controlled by adjusting nebulizer pressure (Pneb) and was measured by using an aerodynamic 
particle sizer (APS, TSI Inc.). Typical droplet size distributions and the geometric mean droplet 
diameters as a function of Pneb were plotted in Figure S3.3. The results reveal that the droplet sizes 
decreased monotonously from 3.7 µm at 40 kPa to 2.0 µm at 210 kPa. The droplet sizes of pure 
water and GO aqueous suspensions (C = 0.54 and 0.95 mg/ml) at a certain condition were almost 
the same due to the similarity of their physical properties. During the process, the micrometer-
sized droplets underwent solvent evaporation, evaporation-driven crumpling of GO nanosheets, 
and further drying to form the final GO or reduced GO particles. These particles were collected 
downstream of the reactor using the glass microfiber filter (EPM 2000, Whatman Inc.) for 
characterization. 
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Figure S3.3. Droplet size measurements by using aerodynamic particle sizer. (a) droplet size 
distribution and (b) average droplet diameter as a function of pressure. 
 
 
 69 
 
Materials Characterization. The morphology and size of the GO samples were examined by 
transmission electron microscopy (TEM, TecnaiTM Spirit, FEI Co.) and field emission scanning 
electron microscopy (FESEM, NOVA NanoSEM 230, FEI Co.). The average diameters (geometric 
mean diameter, Dpg) were determined by randomly sampling more than 200 particles from the 
FESEM images. An example particle size distribution of the crumpled GO particles is shown in 
Figure S3.4, from which a peak diameter of around 200 nm is observed for the crumpled GO 
particles synthesized from a diluted GO suspension. It should be noted that the particle sizes 
obtained from SEM/TEM images are oftentimes overestimated due to agglomeration of particles 
caused by sample preparation. The hydrodynamic diameter of suspended GO was also measured 
using dynamic light scattering (DLS) using Zetasizer Nano ZS system (Malvern Instruments Ltd., 
Worcestershire, UK) with a measurable size range of 0.3 nm to 10 µm (see Figure S3.1d for an 
example). A red laser (λ = 633 nm) was used as the light source with a scattering angle of 173°. 
For each measurement, 3 runs with 14 cycles per run were carried out, and the average values were 
used. It is noteworthy that the DLS measurement is based on the assumption that all particles are 
effective spheres and undergo Brownian motion in the solution. Because of the special geometrical 
structure of GO, it appears that the DLS technique is not quantitatively reliable. Therefore, the 
DLS analysis presented here should be viewed only as a qualitative indicator to shed light on the 
pH-dependent aggregation of GO. Online particle size measurements were performed by using a 
scanning mobility particle sizer (SMPS, TSI Inc.) system, which consists of a differential mobility 
analyzer (DMA, TSI 3081, TSI Inc.) and a condensation particle counter (CPC, TSI 3025, TSI 
Inc.). During online measurements, a 0.3 lpm slip-stream of aerosols was drawn into the SMPS 
system, which measures particle size in the range of 9 ~ 425 nm and particle number concentration 
up to 107 #/cm3. The above size measurements for each sample were performed five times and 
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average data and standard deviations were obtained. The ultraviolet-visible (UV-VIS) spectra 
analysis was also performed (Cary 100, Varian, Inc., Palo Alto, CA), to check optical properties 
of GO and determine the mass concentration of GO suspension as shown above (see Figure S3.2). 
 
 
Figure S3.4. Particle size distribution of crumpled GO particles synthesized from 0.54 
mg/ml GO suspension at 600°C obtained from FESEM images by sampling 200 particles. 
The peak diameter is around 200 nm. 
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S3.2. Derivation of the Confinement Force Equation 
The solvent, i.e. water in this work, the evaporation rate of single micrometer-sized droplet 
at different furnace temperature could be simply calculated according to the follow equation.4, 5 
 
d
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m


   (1) 
where  is the evaporation rate (g/s), md the droplet mass (g), τe the evaporation time (s) 
in the continuum region, where the droplet size is much larger than the gas mean free path, λ (
/ dKn d ≪ 1). τe can be calculated based on the following equation.
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where Dd is droplet diameter (m), R is the gas constant, ρd is the droplet density (kg/m3), 
Dg is the gas-phase diffusion coefficient of the solvent (as a function of furnace temperature, Tf), 
M is the molecular weight of the solvent (g/mol), T∞ is the temperature far from the droplet (K), 
Td is the temperature at the surface of the droplet (K) and becomes constant (= water boiling point) 
if the furnace temperature is larger than 100°C, P∞ is the partial pressure of the solvent far from 
the droplet and can be can be neglected if dry gas is used (Pa), and Pd is the vapor pressure at the 
droplet surface (Pa). Combining equations (1) and (2), we get the following equation 
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The mass density of a folded spherical graphene oxide particle,  , follows a scaling 
equation:6 
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where m  is density of GO (1800 kg/m
3),7 Y is the two-dimensional Young’s modulus 
(145.32 N/m for a single GO sheet with a thickness of 0.7 nm),8 
pD  is the mobility diameter (nm), 
h is the GO thickness (0.7 nm for single sheet GO),   is the force scaling exponent for a self-
avoiding sheet (0.25),9 and D is the characteristic fractal dimension of GO (2.54).10 The 
characteristic fractal dimension for any thin sheet material is independent of the bending rigidity 
as well as applied boundary conditions (e.g. confinement force and load rate).9  
On the other hand, the particle diameter of a GO crumpled particle can also be calculated 
following one-droplet-to-one-particle (ODOP) principle based on mass conservation:11, 12 
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where 
pD  and dD  are particle and droplet diameters (nm), respectively, C is the mass 
concentration (kg/m3), and   is the mass density of a GO crumpled particle. 
Combining equations (4) and (5), yields the following equation for confinement force: 
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The above equation can be further simplified into the follow form. 
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3, which yields the new equation of the confinement force. 
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Equation 8 can be further simplified into the following equation. 
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where B is constant (  
3/
3 / (4 )
D
B R M

 ). In this work, the furnace temperature is 
always higher than 100°C, thus Td and Pd become constant as well. From the above equation, one 
can find that the confinement force, F is propositional to mass concentration of precursor ( 1.57F C
) and the evaporation rate and temperature ( 4.72F  ), but inversely propositional to particle 
diameter (
4
pF D
 ). At a fixed precursor concentration and droplet size, evaporation rate (furnace 
temperature) becomes the only variable. 
 
S3.3. Calculation of Residence Time  
The residence time inside a diffusion dryer (L = 33 cm, I.D. = 6 cm) can be estimated using 
the following equation: 
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where n and Vdryer are the number and volume of the diffusion dryer (m
3), respectively, and 
Qg is the gas flow rate (m
3/s). The residence times at 14 psi and room temperature (Qg = 2.06×10
-
4m3/s) are calculated as 0.20 s a single diffusion dryer and 0.40 s for two diffusion dryers, which 
are much longer that the corresponding evaporation time (5.08×10-3 s). Based on the above 
calculation results, it seems that using one or two diffusion dryers should be the same since all 
water evaporated within 0.01 s. It should be noted that the estimation of the evaporation time is 
based on single droplet evaporation without considering the effects of population (number 
concentration) of droplets and gas flow rate. The actual evaporation times of droplets in this work 
may be longer than the calculated ones. This is also the reason for the different results obtained for 
using different diffusion dryers. 
S3.4. pH Effect 
To control the processes of exfoliation, dispersion, functionalization, and self-assembly of 
suspended GO nanosheets in aqueous media, a fundamental understanding of their solution 
behavior is also necessary.13 In this sense, pH is another important parameter to be considered that 
is closely related to the physiological activity of GO aqueous suspension.3, 14 The pH-dependent 
hydrophilicity of GO has been exploited to control its assembly behavior.15 Recent analyses 
indicated that the peripheral carboxyl groups (-COOH) play a key role in determining the solution 
behavior of GO.16, 17 The colloidal stability of aqueous GO solutions has been attributed to the 
electrostatic repulsions between ionized carboxyl groups,16 which can be interpreted by measuring 
their zeta potential.18, 19 As seen in Figure S3.5a, the dramatic change in the zeta potentials of GO 
aqueous suspensions at pH 1 and 12 reflects the fact that the edge carboxyl groups are highly 
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protonated at pH 1 resulting in weak electrostatic repulsive forces. However, in pH 12, zeta 
potential was achieved as high as -45 mV. The corresponding hydrodynamic diameters of GO 
nanosheets measured by DLS also showed similar trend as zeta potential. These findings suggest 
that the electrostatic repulsions between ionized carboxyl groups at the GO nanosheet edges 
provide the major barrier preventing the GO sheets from aggregating.16, 20 Optical properties of the 
GO suspensions were also measured by UV-Vis spectroscopy as shown in Figure S3.5b, where 
two characteristic absorption peaks of GO were observed at 230 nm and 300 nm originating from 
π-π* transition of the C=C band and n-π* transition of the C=O band, respectively.21 The pH-
dependent absorption spectra of GO colloids suggest that the change in the concentration of H+ 
and OH- causes the electronic transition changes of π-π* and n-π* in GO refilling or depleting their 
valence band.3, 22 Thus the protonation and deprotonation of carboxylate GO due to changes in pH 
may cause electrostatic doping/charging to the GO, thereby shifting the Fermi level similar to 
carboxylate SWCNTs.22, 23 However, the absorption spectrum is also affected by the solvent in 
which the absorbent species are dissolved in. By changing the pH, we can alter the polarization 
forces between the solvent and the absorber. At low pH, the solvent is abundant with positively 
charged hydrogen ions, while at high pH, the solvent is abundant with negatively charged 
hydroxide ions.24 Thus, lowering the pH of the GO solution will increase the polarization forces 
between the GO (of negative zeta potential) with the positively charged hydrogen ions. This lowers 
the energy levels of both the π and π* state. However, because the effect is greater for the excited 
state, the gap between the π and π* orbitals is reduced—thus causing a redshift in the spectra. 
However, there is no significant size and morphology variation of crumpled GO particles prepared 
from GO aqueous solutions with different pH based on electron microscopy analysis (Figure 3.4) 
and SMPS measurements (Figure S3.6). The reason may be due to the lower magnitude of electric 
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repulsive force as compared to the corresponding confinement force, which needs further 
investigation in the near future. 
 
Figure S3.5. pH effect on the size and surface properties of graphene oxide. (a) Dynamic 
particle diameter and zeta potential, and (b) UV-Vis spectra of graphene oxide as a function 
of pH. 
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Figure S3.6. pH effect on the particle size of crumpled GO particles measured by SMPS. 
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Table S3.1. Effect of synthesis temperature with different diffusion dryers (C = 0.3 mg/ml, Pneb = 
96.53 kPa). 
Furnace 
temperature 
(°C) 
Particle 
diameter 
_0dyerb  
(nm) 
Confineme
nt force 
_0dryerc 
(μN) 
Particle 
diameter 
_1dyerb  
(nm) 
Confinement 
force 
_1dryerc 
(μN) 
Particle 
diameter 
_2dryersb  
(nm) 
Confinement 
force 
_2dryersc 
(μN) 
200 
88.22±0.49 29.75±0.66 87.36±0.12 30.94±0.17 89.16±0.39 28.52±0.50 
400 
84.32±0.16 34.87±0.26 86.39±0.37 31.65±0.55 87.42±0.60 30.18±0.81 
600 
83.40±0.77 37.80±1.40 84.49±0.24 35.89±0.40 85.53±0.27 34.18±0.43 
800 
80.99±0.88 41.58±1.76 82.22±0.72 39.14±0.36 85.50±0.33 33.47±0.51 
1000 
75.14±1.70 56.23±5.10 83.35±0.15 37.14±0.26 85.18±0.31 34.05±0.50 
 
Table S3.2. Effect of precursor concentration (Tf = 400°C, Pneb = 96.53 kPa) 
Precursor 
concentration  
(mg/ml) 
Droplet 
size 
(µm) 
Evaporation 
rate 
(g/s) 
Evaporation 
time 
(s) 
Particle 
diameter  
(nm) 
Confinement 
force 
(μN) 
0.0375 
2.82±0.06 
7.88×10-7 
1.49×10-5 
78.09±0.21 
47.40±0.51 
0.1 
81.95±0.17 39.08±0.32 
0.3 
84.32±0.16 34.87±0.26 
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Abstract 
Aqueous aggregation processes can significantly impact function, effective toxicity, 
environmental transport, and ultimate fate of advanced nanoscale materials, including graphene 
and graphene oxide (GO). In this work, we have synthesized flat graphene oxide (GO) and five 
physically crumpled GOs (CGO, with different degrees of thermal reduction, and thus oxygen 
functionality) using an aerosol method, and characterized the evolution of surface chemistry and 
morphology using a suite of spectroscopic (UV-vis, FTIR, XPS) and microscopic (AFM, SEM, 
and TEM) techniques. For each of these materials, critical coagulation concentrations (CCC) were 
determined for NaCl, CaCl2, and MgCl2 electrolytes. The CCCs were correlated with material ζ-
potentials (R2 = 0.94-0.99), which were observed to be mathematically consistent with classic 
DLVO theory. We further correlated CCC values with CGO chemical properties including C/O 
ratios, carboxyl group concentrations, and C-C fractions. For all cases, edge-based carboxyl 
functional groups are highly correlated to observed CCC values (R2 = 0.89-0.95). Observations 
support the deprotonation of carboxyl groups with low acid dissociation constants (pKa) as the 
main contributors to ζ-potentials and thus material aqueous stability. We also observe CCC values 
to significantly increase (by 18-80%) when GO is physically crumpled as CGO. Taken together, 
the findings from both physical and chemical analyses clearly indicate that both GO shape and 
surface functionality are critical to consider with regard to understanding fundamental material 
behavior in water. 
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4.1 Introduction 
Graphene oxide (GO) shares the one-atom-thick planar sheet with sp2-bonded carbon 
structural framework as graphene, but with oxygen-containing functional groups which include 
basal hydroxyl and epoxy, and edge-associated carbonyl and carboxyl groups.1, 2 Based on unique 
material properties, GO has been widely studied for a number of advanced applications including 
energy conversion and storage,3 enhanced catalysis,4, 5 antimicrobial,6, 7 sorption,8 and 
separations,9, 10 among other technologies. Further, the production and application of GO-based 
materials are widely expected to grow significantly in the coming decade.11  Upon commercial 
production and application, and thus environmental exposure, concerns have been raised regarding 
the potential biological effects, including to human health, as GO has been observed to be cytotoxic 
to mammalian cells and bacteria.12-15 Interestingly, both material functionality and exposure, 
which is critical with respect to biological response, are a function of CGO aggregation 
state/behavior in water.16, 17 
Despite being an essential component for quantitative material behavior models 
considering both application and potential negative implications, fundamental description of GO 
aggregation behaviors in water is currently incomplete. GO materials typically vary in nature, due 
to the random functionalization for each layer and variations in physical structure (such as 
molecular weight, shape, defects).18, 19 Residual oxygen moieties can, depending on methods and 
degree of reduction, differ significantly from a few to dozens of percent in terms of atomic ratio.19 
Further, 2D GO can be physically modified, resulting in 3D structures, such as crumpled paper 
ball-like spheres20, 21 and corrugated (wrinkled) surfaces.22  
Initial reports on the aqueous aggregation and transport behavior of graphene materials 
have focused on pristine, flat GO.23, 24 Compared to pristine GO, aqueous stability of GO 
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derivatives (e.g., GO with different degrees of reduction and morphological transformation) can 
differ significantly under similar aqueous chemistries. Due to the complexity of possible chemical 
and physical variations, a quantitative understanding on how such intrinsic structures and 
properties affect GO aqueous stabilities is needed. However, such understanding remains 
challenging due to the lack of convenient, yet consistent (reproducible) control and 
characterization of physical and chemical properties.  
We have previously demonstrated GO morphological control by physically crumpling 2D 
flat GO into 3D crumpled structures (termed as CGO) via a furnace aerosol reactor (FuAR) method, 
using GO coupons as the starting material.21 The method utilizes capillary compression induced 
by rapid evaporation of the aerosol droplets to effectively crumple flat GO. Furthermore, the 
surface chemistries (degree of thermal reduction) can be tuned by precisely varying the furnace 
temperature (200-800 °C) while maintaining the crumpled structure. In this work, we synthesized 
GO using the modified Hummer’s method,25 and then five subsequent CGO materials, each with 
different degrees of reduction (crumpling GO at different furnace temperatures from 200 to 800 °C, 
all with the same starting coupon structures). Based on extensive characterization and aggregation 
kinetic results, we have correlated critical coagulation concentration (CCC) values for three ionic 
systems (NaCl, CaCl2, and MgCl2) with physical and chemical properties of GO/CGO (ζ-potentials, 
C/O ratios, carboxyl, and C-C fractions). We also observe an increase of CCC values for CGO 
materials when compared to flat analogues (comparing GO and CGO with same surface chemistry). 
This is the first report that provides a quantitative description of GO aggregation as a function of 
both morphology and surface chemistry. 
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4.2 Materials and Methods 
4.2.1 Synthesis of GO/CGOs 
GO was synthesized using the modified Hummer’s method25 and was detailed in our 
previous work.21 Functional groups such as epoxy, hydroxyl, and carboxyl adorn the surface of 
GO to render it dispersible in polar solvents including water.26 Crumpled GO particles (CGO) were 
synthesized by a furnace aerosol reactor (FuAR) method using GO as the starting material.21 35 
mL of ~50 mg/L GO solution was placed in a six-jet Collison nebulizer jar (BGI Incorporated), 
and the pressure nebulizer produced water droplets by forcing the solution through a small opening 
under applied pressure of 14 psi using nitrogen as the carrier gas. The liquid/gas jet was impacted 
against the inside wall of the jar to remove larger fraction of the droplets, and the size of the outflow 
water droplets was mainly micrometer-sized (2-4 µm) as previously measured by an aerosol 
particle sizer (APS).21 The water droplets containing GO sheets were then delivered by nitrogen 
gas into an alumina reactor (1 m × 25 mm ID) maintained at predetermined temperatures (from 
room temperature to 1000 °C) to heat it for several seconds. The flow rate is generally operated at 
12.4 L/min (nebulizer pressure 14 psi (96.53 kPa)), resulting in ~1.6 s residence time. The formed 
CGO nanoparticles were finally collected at the end stream of the reactor, weighed and dispersed 
in water to get 200 mg/L dispersion. 
4.2.2 Characterization of GO/CGOs 
The morphology and size of the GO/CGO samples were examined by transmission electron 
microscopy (TEM, TecnaiTM Spirit, FEI Co.) and field emission scanning electron microscopy 
(FESEM, NOVA NanoSEM 230, FEI Co.). For GO SEM imaging, samples were sputter coated 
with gold for 90 s (Headway PWM32-PS-CB15PL). The size and thickness of GO were also 
measured using atomic force microscopy (AFM, Veeco Nanoman). The optical properties of 
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GO/CGO aqueous dispersions (20 mg/L) were measured by using a UV-vis spectrophotometer 
(Varian Bio 50). Surface chemistry information regarding molecular bond and functionality were 
obtained with fourier transform infrared spectrometer (FTIR, Nicolette Nexus 470) and X-ray 
photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II equipped with monochromatic Al Kα 
(1486.6 eV) X-ray source). The XPS peaks were fitted to a mixed function having 80% Gaussian 
and 20% Lorentzian characters using the software PHI Multipak, after performing a Shirley 
background subtraction. In the fitting procedure, the FWHM values were fixed at 1.2 ± 0.2 eV for 
all peaks, and the peak positions were constrained within 0.2 eV deviated from the assigned 
position. Calibration was carried out by alignment of the spectra with reference to the C 1s line at 
284.8 eV associated with graphitic carbon. At least three measurements were performed at 
different samples (or locations). ζ-potential and hydrodynamic diameter (Dh) (in 40 mg/L aqueous 
solution) were measured with a ZetaSizer Nano ZS (Malvern Instruments, Worcestershire). 
4.2.3 Aggregation Kinetics of GO/CGOs 
The early-stage aggregation kinetics of GO/CGOs were assessed by the initial rate of 
change of the Dh with time t. In the early aggregation stage, the initial rate constant (ka) is 
proportional to the initial rate of increase in Dh and inversely proportional to the initial (primary) 
nanoparticle concentration in the suspension (N0) (Eqn. 1).
27 
𝑘𝑎 =
1
𝑁0
(
𝑑
𝑑𝑡
𝐷ℎ(𝑡))
𝑡→0
                                                                                (1) 
The attachment efficiency (ɑ) (also known as the inverse stability ratio) at different electrolyte 
concentrations was calculated by normalizing the aggregation rate constant obtained to the rate 
constant obtained under favorable (non-repulsive, fast) conditions (ka,fast) (Eqn. 2).
27 
𝛼 =
𝑘𝑎
𝑘𝑓𝑎𝑠𝑡
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(
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𝑑𝑡
𝐷ℎ(𝑡))
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                                                                    (2) 
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The initial rate of increase in Dh was measured by time-resolved dynamic light scattering (TR-
DLS) (Malvern ZetaSizer Nano ZS). Equal volumes (500 µL) of GO/CGO dispersion and 
electrolyte solution (NaCl, CaCl2, and MgCl2 with different ionic strength) were mixed to reach 
the desired concentrations (GO/CGO: 40 mg/L; NaCl: 0 - 250 mM; CaCl2 and MgCl2: 0 - 50 mM). 
Previous studies on aggregation of carbon nanomaterials were usually conducted with a pH 
between 5 and 6 (e.g., graphene oxide, pH 5.523 and C60, pH 5.2
27) , and thus the pH of the GO/CGO 
dispersion was adjusted to 6.0 ± 0.3 (with 0.02 mM-0.5 mM NaOH and/or HCl) for comparison. 
The DLS glass cuvette was quickly vortexed and placed in the instrument for measurement. The 
rate was calculated for the initial stage defined as the period between t = 0 to the time when Dh 
reaches 1.30Dh0.
27, 28 Since GO/CGO concentration remained identical, α was then determined to 
be the ratio of the initial rate of change of Dh in the reaction-limited regime over that in the 
diffusion-limited regime. Critical coagulation concentrations (CCC) were determined from the 
intersection of extrapolated lines through the diffusion and reaction limited regimes. 
4.3 Results and Discussion 
4.3.1 Materials Characterization 
The aerosolized droplets then undergo solvent evaporation, and capillary compression 
induced by rapid evaporation can effectively crumple flat GO. The magnitude of the compression, 
which has been correlated to the evaporation rate of solvent, was identified as the critical factor 
determining the morphology as well as the size of the dry CGO particles.21 While being crumpled, 
simultaneous thermal reduction leads to partial removal of surface functional groups, and 
restoration of aromatic carbon regions.3, 5 Different degrees of reduction, while producing the same 
crumpled morphology, were achieved by varying the furnace temperatures (e.g., 200 to 800 °C), 
as revealed in our previous work.21 
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As-synthesized GO/CGO samples were characterized by TEM (Figure 4.1a-c), FESEM 
(Figure S4.1), AFM (Figure 4.1d and Figure S4.1g), UV-vis (Figure S4.3), XPS (Figure 4.1g and 
Figure S4.4), and FTIR (Figure S4.5) for detailed size, morphology and surface chemistry 
information. Figure 4.1a-c compares the morphologies of GO and representative CGO materials 
prepared at furnace temperatures of 200 and 400 °C (CGO reduced at 200 °C, denoted as CGO-
200 hereafter; same denotation applied to other CGOs). Flat GO coupons are observed with sizes 
ranging from a few hundred nm to more than 1 µm (Figure 4.1a and S1a), and AFM examination 
of the height reveals that most GO sheets are single layer or double layers (h < 2 nm, Figure 4.1d), 
consistent with previous reports of GO synthesized by the modified Hummer’s method.23, 29 As-
synthesized CGO particles, with crumpled morphology and sharp ridges (Figure 4.1b and c, and 
S1b-f), have a fractal dimension of ~2.5, similar to that of crumpled paper balls.30 The fractal 
dimension (f) relates the particle mass (m) with the diameter of crumpled ball-like structures (d) 
through a power law expression (m ~ df). While crumpled particles may have same fractal 
dimension, they could have different diameters depending on the degree of applied confinement 
force.21, 31 We have analyzed the size distribution of GO and CGOs from AFM (GO) and TEM 
(CGO) images using software ImageJ. For each measurement, approximately 150 particles were 
counted. For GO and CGO-200, they have a relatively wide size distribution from 100 to 500 nm, 
but for other CGOs, they have a similar and narrower size distribution, with about 80% between 
100 and 300 nm (Figure 4.1e). This trend of size change is consistent with our previous study,21 
showing higher evaporation rate under higher furnace temperature leading to larger confinement 
force and thus smaller particle size. The hydrodynamic diameters of GO and CGOs are in the range 
of 200-350 nm as measured by dynamic light scattering (DLS) (Figure 4.1f). It should be noted 
that in DLS measurement, a non-spherical particle is treated as a sphere that has the same average 
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translational diffusion coefficient as the particle being measured. For flat GO sheets, the DLS 
measurement has been shown to underestimate the real particle size,32 which is consistent with our 
observations. For GO and CGOs synthesized below 600 °C, ζ-potentials are below -40 mV; while 
for CGO-600 and CGO-800, due to significant thermal reduction, ζ-potentials increase to -20 mV; 
values higher than -30 mV are usually considered as threshold for colloidal stability in water 
(Figure 4.1d).26  
The color of the suspended samples gradually changes from brown (GO and CGO-200) to 
black (CGOs synthesized at ≥ 400 °C) due to thermal reduction (Figure 4.1a-c insets and Figure 
S4.2), suggesting progressive restoration of the π network within the carbon structure.33, 34 Two 
characteristic absorption peaks of GO are observed (Figure S4.3) at 230 nm and 300 nm for the π-
π* C=C transition band and the n-π* C=O transition band, respectively.35 Upon reduction, the 
major absorption peak (230 nm) is observed to be red shifted (to 270 nm, typical absorption peak 
of graphene), and the absorption in the whole spectral region (> 230 nm) increases with the degree 
of redution, indicating partial restoration of electronic conjugation.26  
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Figure 4.1 Materials characterization of GO and CGOs. (a-c) representative TEM images 
of GO, CGO-200 and CGO-400, with photos of 80 mg/L aqueous solution in the insets, (d) 
AFM image of GO; (e) size distribution measured from AFM and TEM images (dashed lines 
are guide lines for the eye only); (f) hydrodynamic diameters and ζ-potentials of GO and 
CGOs measured by dynamic light scattering and electrophoretic light scattering (40 mg/L 
aqueous solution), (g) fractions of each components to the C 1s peak obtained by 
deconvoluting the high-resolution C 1s XPS spectra. Detailed material characterization of 
all 6 GO and CGOs can be found in the Supporting Information. 
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XPS was employed to evaluate the evolution of oxygenated functionality during the 
thermal reduction process. Survey spectra show C/O ratio of GO to be 1.9 ± 0.1, which is typical 
of GO synthesized by the modified Hummer’s method (~ 2.0).36 While it does not change for 
CGO-200 (2.0), the C/O ratio increases to 3.2 ± 0.1 for CGO-400, and to 5.0 ± 0.7 for CGO-800. 
Further, high-resolution C 1s spectrum of GO exhibit well-defined, multi-peak formations, 
indicating extensive material oxidation (Figure S4.4a). When crumpled, CGO-200 has a very 
similar C 1s spectrum, due to preservation of surface chemistry as GO (Figure S4.4b) (also 
evidenced by the brown color of the solution (Figure S4.2), C/O ratios from XPS survey spectra 
(1.9 vs. 2.0), and similar FTIR spectra, which is shown in Figure S4.5). Upon further thermal 
reduction, the peak symbolizing lower oxidation state (C-C) becomes prominent, while peaks of 
higher oxidation states decreases (CGO-400, 500, 600 and 800, Figure S4.4c-f).  
C 1s spectra were deconvoluted and analyzed for carbon oxidation states (Figure 4.1g and 
Figure S4.4a-f). All peak positions and FWHM were strictly constrained with ± 0.2 eV deviation. 
The FWHM values were fixed at 1.2 ± 0.2 eV for all major peaks, and the peak positions were 
constrained within 0.2 eV from the assigned position. The detailed peak position and FWHM 
information was provided in the supporting information (Figure S4.4g and h). The five most 
commonly accounted components, including the C-C (284.8 eV), C-OH (286.2 eV, 1-1.5 eV shift 
to higher binding energy (BE)), C-O-C (287.1 eV, higher BE compared to C-OH group), C=O 
(287.7 eV, 2.5-3 eV shift to higher BE) and COOH (288.8 eV, 4-4.5 eV shift to higher BE) 
functionalities,36, 37 were identified.  
The relative ratio of each component to the C 1s peak is illustrated in Figure 4.1e. The C-
C area ratios increase gradually from ~41 ± 4 % of GO to 75 ± 4 % of CGO-800, with the range 
being similar to a previous study.36 This trend coincides with the change in C/O ratio and 
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restoration of aromatic regions. Consistent with previous reports,36 the total contribution of C-O 
(including C-OH and C-O-C) groups remains almost constant for CGO-200 (compared to GO), 
indicating the temperature and short residence time in the furnace was insufficient to significantly 
affect occurrence of these functional groups. However, above 200 °C, C-O-C groups are observed 
to decrease dramatically, while the relative C-OH peak area ratio increases (Figure 4.1f). The C-
OH groups first increase from 200 °C, then decrease above 500 °C, thereby remaining stable to 
800 °C, which is also similar to reports by others.36 This increase is likely due to the transformation 
of C-O-C to C-OH groups. For GO synthesized by the Hummer’s method, which typically has a 
C/O ratio of ~2, carboxyl groups were identified to have a contribution of around 6% (to relative 
carbon oxidation state).38-40 In our analysis, the carboxyl fraction gradually (288.8 eV) decreases 
as a function of furnace temperature from 4.9 ± 0.6% of GO to 4.6 ± 0.3% of CGO-400 and 3.0 ± 
0.6% of CGO-800 (Figure 4.1e).  
In general, FTIR measurements agree with XPS analysis. For as-synthesized GO, a mixture 
of oxygen-based functional moieties including C-O (phenolic/epoxy/carboxyl), C=C (aromatic), 
C=O (carbonyl), and -OH (hydroxyl) stretches are observed (Figure S4.5).5, 39, 41 Broad and strong 
OH bands at ~3200 cm-1 and 1620 cm-1 for GO and CGO-200 are indicative of bound water 
molecules,39 revealing high hygroscopicity (hydrophilicity, and maintaining of surface functional 
groups). These bands decrease dramatically for samples synthesized at 400 °C and above, likely 
by restoration of the basal aromatic fractions. Further, the 1580 cm-1 adsorption, which 
corresponds to aromatic C=C band, is observed to be prominent for CGO-400, CGO-500, CGO-
600, and CGO-800 materials. The evolution of bands at ~1730 cm-1 (carbonyl) and ~1425 cm-1 
(C-O, carboxyl) also indicates carboxyl group reduction (Figure S4.5).41 In the region between 
1000 and 1300 cm-1, two characteristic peaks typical of C-O functionality, are observed. The band 
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at 1050-1100 cm-1 is assigned to C-O-C groups (epoxy) groups, as it exists for GO and CGO-200, 
and subsequently reduces for the rest samples. Adsorption at 1250 cm-1 is likely from –C-OH 
groups as it appears as strong peaks for CGOs synthesized at ≥ 400 °C. Taken together, the data 
indicates that thermal reduction initially starts with the removal of basal plane functional groups 
(e.g., epoxy) and then proceeds to more chemically stable carbonyl and carboxyl functionalities at 
the material edge(s), which is also supported by previous observations of GO materials.26  
4.3.2 Aggregation Kinetics 
Early-stage aggregation kinetics of GO/CGOs were assessed by measuring the initial rate 
of change for hydrodynamic diameters as a function of time via time-resolved dynamic light 
scattering (TR-DLS). For these materials, particle-particle interaction behaviors are a function of 
both electrostatic repulsion (VEDL, due to electrostatic double layer) and van der Waals attraction 
forces (VvdW).
42, 43 Solution ionic strength (IS) influences the electrostatic repulsion forces by 
affecting the inverse Debye length (Debye length κ ∝ IS0.5), and at low IS (low κ) the interactions 
are described as long-range with high repulsion between interacting particles.42 With additional 
electrolyte, electrostatic repulsion is further suppressed, and particle aggregation takes place, as 
shown in an example aggregation profile (Figure S4.6). With sufficient electrolyte present (over 
the critical coagulation concentration (CCC)), the total interaction becomes completely attractive, 
leading to the transition from reaction-limited aggregation (RLA) to diffusion-limited aggregation 
regimes (DLA) (Figure S4.6). 
The attachment efficiency (ɑ) (also known as the inverse stability ratio) at different 
electrolyte concentrations is calculated by normalizing the aggregation rate constant to the rate 
constant obtained under diffusion-limited (attractive, fast) conditions, and is used to index particle 
aqueous stability (details in Materials and Methods section). Particle-particle attachment 
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efficiencies were plotted as a function of electrolyte concentrations in Figure 4.2. Distinct reaction-
limited and diffusion-limited regimes are observed for GO and CGOs within the concentration 
ranges of NaCl (0 - 250 mM, Figure 4.2a), CaCl2 (0 - 50 mM, Figure 4.2b) and MgCl2 (0 - 50 mM, 
Figure 4.2c), indicating that colloidal behavior follows classic Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory.27  
CCC values were determined from the intersection of extrapolated lines through the 
diffusion- and reaction-limited regimes (Table 4.1). CCC values determined here for GO (68.7 
mM NaCl, 1.57 mM CaCl2, and 1.91 mM MgCl2) are between the values recently reported by 
Chowdhury et al. (44 mM NaCl, 0.9 mM CaCl2 and 1.3 mM MgCl2)
23 and Wu et al. (188 mM 
NaCl, 2.6 mM CaCl2 and 3.9 mM MgCl2),
28 likely due to varied surface chemistries as discussed 
above. This highlights the importance of correlating the physical and chemical properties of GO 
to accurately predict colloidal behavior. In the presence of MgCl2, CCC values are higher than 
those of CaCl2, which is also consistent with previous reports,
23, 28 due to the relatively weaker 
tendency of Mg2+ compared to Ca2+ to form cation bridges (with carboxyl groups).44, 45 According 
to the Schulze-Hardy rule, the ratio between CaCl2 and NaCl CCC could be approximated as Z-6 
for colloids with high negative ζ-potentials, where Z is the valence of Ca2+ ions (Z = 2).46 In our 
study, the ratios of CaCl2 and NaCl CCC values for GO and CGOs synthesized below 600 °C are 
between Z-5.00 and Z-5.45, which is in relatively good agreement with the rule. In contrast, such 
ratios were found to be Z-3.86 and Z-3.59 for CGO-600 and CGO-800, deviating from the Schulze-
Hardy prediction (Table 4.1). We hypothesize such deviation is due to low ζ-potentials of CGO-
600 and CGO-800, which violates the assumption of the Schulze-Hardy rule, namely, the surface 
potential needs to be sufficiently high and remain constant.46 Similar observations were also 
obtained in the presence of MgCl2 (Table 4.1).  
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Figure 4.2 Attachment efficiencies (ɑ) of GO/CGOs as a function of (a) NaCl, (b) CaCl2, 
and (c) MgCl2 concentrations. pH was pre-adjusted to be 6.0 ± 0.3. The CCCs were 
determined from the intersection of reaction-limited and diffusion-limited aggregation 
regime, and summarized in Table 4.1.  
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Figure 4.3 Comparison of NaCl, CaCl2, and MgCl2 critical coagulation concentrations 
(CCCs) of GO and as-synthesized CGOs (normalized by CCCs of GO). 
 
 
Table 4.1 Critical Coagulation Concentration values of GO and CGO samples. Fitting of the 
Schulze-Hardy rule was presented in the last two columns, with Z being the valence of 
Ca2+/Mg2+ ions (Z = 2). 
 
Sample NaCl (mM) CaCl2 (mM) MgCl2 (mM) CaCl2/NaCl MgCl2/NaCl 
GO 68.7 1.57 1.91 Z-5.45 Z-5.17 
CGO-200 81.7 2.50 3.09 Z-5.03 Z-4.72 
CGO-400 73.9 2.24 2.77 Z-5.04 Z-4.74 
CGO-500 59.3 1.86 2.05 Z-5.00 Z-4.86 
CGO-600 13.4 0.92 1.06 Z-3.86 Z-3.66 
CGO-800 9.9 0.82 0.94 Z-3.59 Z-3.40 
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Comparing the CCC values, it is also observed that, despite reduction, CGO-200, 400 and 
500 have higher or similar CCC values compared to GO. For example, the NaCl CCC increased 
from 68.7 mM of GO to 81.7 mM of CGO-200, and 73.9 mM of CGO-400. This can be attributed 
to the crumpling of GO structures, which can reduce the π-π interaction between discrete sheets, 
resulting in aggregation-resistance.20, 47, 48 In particular, CGO-200, which retained much of the 
original surface chemistry, compared to GO (see material characterization results), is more 
aggregation-resistant in the presence of NaCl, CaCl2, and MgCl2 (CCC values were 19%, 59% and 
62% higher respectively (Figure 4.3)). The increases of CCC values in the presence of divalent 
cations (59% and 62% for Ca2+ and Mg2+ respectively) were greater compared to that of 
monovalent cations (19%), which is a result of bridging/crosslinking behavior(s) of Ca2+ and Mg2+ 
ions.28, 49 With further reduction (at higher synthesis temperature), CCC values decrease for all 
systems with a sharp decrease occurring over the temperature window from 400 and 600 °C.  There 
is no significant difference between CCC values of CGO-600 and CGO-800 samples (Figure 4.3). 
4.3.3 Correlating ζ-potentials and CCC  
The CCC is defined as the minimum concentration of electrolyte required to induce the 
coagulation (aggregation) of a stable colloidal suspension and can be interpreted theoretically by 
the DLVO theory, which considers the electrostatic repulsion force and the van der Waals 
attraction force between two interacting particles.  
 Conventionally, the van der Waals interaction is determined by employing the volume 
integration approach (Hamaker’s technique), and the electrostatic repulsion interaction is obtained 
by solving the Poisson-Boltzmann equation. However, for a complicated particle such as CGO, 
the exact mathematical solutions are difficult to precisely ascertain. Instead, here the Derjaguin 
approximation could be used, which scales the flat-plate interaction energy per unit area to the 
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corresponding interaction energy between two curved surfaces. The characterization length scales 
of CGO particles (diameter: hundred nm; surface roughness: dozens of nm10) are significantly 
larger than the interaction distance (e.g., Debye length: a few nm), thus making the Derjaguin 
approximation applicable. By employing the Derjaguin approximation, the DLVO interaction 
energies were solved by Hsu and Kuo50 and applied in our analysis. 
The electrical potential energy between two spherical particles VEDL can be estimated:
50  
𝑉𝐸𝐷𝐿 =
32(𝑎+𝑏)𝜋𝑋0𝑛𝑘𝐵𝑇
𝑎𝑘3
2𝜅3
[𝑡𝑎𝑛ℎ 2(
𝑎𝜓0
4
)]𝑒𝑥𝑝 (−𝑘3𝐿) × [1 −
1
2𝑘3𝑋0
(1 − 𝑒𝑥𝑝(−2𝑘3𝑋0))]              (3)                                                                      
Where 𝜓0  is dimensionless surface potential 𝜓0 =
𝑒Φ0
𝑘𝐵𝑇
 ; X0 is the dimensionless radius of the 
particle, X0= κr0 (r0 is the particle radius); L is the surface-to-surface distance between two 
particles. The reciprocal Debye length κ is calculated by 𝜅2 =
𝑎(𝑎+𝑏)𝑛𝑒2
𝜀0 𝜀𝑟 𝑘𝐵𝑇
, where a and b are the 
valences of the cation and anion of the electrolyte, ε0 and εr are the permeability of a vacuum and 
the relative permeability of the liquid phase (water) respectively, T is the absolute temperature 
(298 K), e is the elementary charge (1.6×10-19 C), kB is the Boltzmann constant (1.38×10
-23 
m2·Kg·s-2·K-1), n is the number concentration of cations in bulk phase. k3 is a parameter related to 
a and b, for NaCl, k3=1; for CaCl2 and MgCl2, k3 ≈ 1.078. 
Van der Waals attraction energy can be represented by the following equation in most cases (when 
particles are at close approach, e.g., separation smaller than 10% of the radius):51  
𝑉𝑣𝑑𝑊 = −𝐴𝐺𝑊𝐺𝑋0/12𝐿                                                                                                   (4) 
Where AGWG is the Hamaker constant of the GO-water system (i.e., GO separated by water). 
The total interaction energy Vtot is the sum of VEDL and VvdW. 
At CCC, Vtot = 0 and 
𝑑𝑉𝑡𝑜𝑡
𝑑𝐿
= 0                                                                                         (5) 
By solving Eqns. 3-5, CCC (n as the cation number concentration) can be obtained: 
 100 
 
𝑛 =
𝜆𝑡𝑎𝑛ℎ4(
𝑎𝜓0
4
)
𝑎5(𝑎+𝑏)𝑘3
6
(4𝜋𝜀0 𝜀𝑟)
3(𝑘𝐵𝑇)
5482
𝑒6𝐴𝐺𝑊𝐺
2𝜋exp (2)
 , 
 𝜆 = [1 −
1
2𝑘3𝑋0
(1 − exp(−2𝑘3𝑋0))]
2
                                                                            (6) 
Thus CCC is proportional to ζ-potential (when assume the AGWG values are the same for CGOs) 
by: 
𝑛/𝜆 ∝  𝑡𝑎𝑛ℎ4(
𝑎𝜓0
4
)                                                                                                        (7) 
λ was calculated to be between 0.944 to 0.991, depending on the type and concentration of the 
electrolyte (all particle radii were assumed to be 100 nm according to the DLS measurement. The 
particle radius mainly affects the calculation of λ, however, in a very minor way. For example, the 
λ values are between 0.988 and 0.996, when radii are assumed to be 200 nm). We plotted n/λ with 
𝑡𝑎𝑛ℎ4(
𝑎𝜓0
4
) of CGOs in Figure 4.4. Regardless of the electrolytes, the CCC (n/λ) is found to be 
proportional to 𝑡𝑎𝑛ℎ4(
𝑎𝜓0
4
)  (R2 = 0.94-0.99), agreeing with the above analysis. Here, GO is an 
outlier in the presence of divalent electrolytes (CaCl2 and MgCl2), with CCC values being 43.2% 
and 42.8% (respectively) lower than the crumpled forms (by comparing the real and interpolated 
values) (Figure 4.4b and c). It is very interesting that the extrapolation of the fitting lines does not 
cross zero. This may be explained by additional interaction(s) that were not taken into account in 
the above analysis. Furthermore, the Hamaker constant AGWG of the CGO-water system estimated 
from Eqn. 6, can range from 4.8 - 10 × 10-20 J. There is no direct report for this value except an 
effective Hamaker constant of GO via numerical evaluation AGG = 2.37 × 10
-21 J.52 By employing 
the following relationship,27 we can obtain: 
 𝐴𝐺𝑊𝐺 ≈ (√𝐴𝐺𝐺 − √𝐴𝑊𝑊)
2                                                                                      (8) 
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where AGG and AWW are the Hamaker constants of GO nanoparticles and water interacting in 
vacuum, respectively, and AWW = 3.7 × 10
-20 J.27 We calculated AGWG to be  
2.1 × 10-20 J. This is within the same order of magnitude as our calculated values (×10-20 J).  
 
Figure 4.4 Correlation between the CCCs of CGOs and the ζ-potentials. The outlying of 
(flat) GO was attributed to the crumpling effect. 
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4.3.4 Correlating Surface Functionalities and CCC  
 
 
Figure 4.5 Correlation between the CCCs of CGOs and the C/O ratios (a-c), carboxyl 
fractions (d-f), and C-C fractions (g-k) identified by XPS. The outlying of (flat) GO was 
attributed to the crumpling effect. The error bars stand for the deviation of at least three 
measurements from different samples. 
 
Previously, researchers have attributed the negative ζ-potential of GO to the deprotonation 
of carboxyl and phenolic groups, and emphasized the importance of carboxyl groups in 
determining GO aqueous stability.26 In this work, we have correlated CCC values of CGOs with 
the C/O ratios, C-C fractions, and carboxyl fractions identified by XPS (Figure 4.5). As an 
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indication of oxidation degree, C/O ratios were negatively correlated to CCC values (R2 = 0.82 - 
0.89), as shown in Figure 4.5a-c. This indicates that the more oxidized CGO materials (with more 
functional groups such as carboxyl and phenolic) are relatively more stable in water. Moreover, 
we estimate the enhancement of aggregation-resistance by comparing the obtained GO CCC 
values, and, for all cases, 2D GO is observed to be an outlier, having 40% to 80% lower CCC 
values than corresponding crumpled forms. Further, carboxyl ratios (occurrence) are shown to 
have an even higher correlation with the CCC values (R2 = 0.89-0.95, Figure 4.5d-f). There is a 
clear difference between carboxyl ratios of CGO-500 and CGO-600 (significant loss from CGO-
500 to CGO-600), coinciding with the sharp decrease of CCC values within the temperature 
window between 500 and 600 °C. Through this correlation, it was estimated that by crumpling GO, 
the CCC values can increase by ca. 18% and 52%, in the presence of monovalent and divalent ions 
respectively. The graphitic (C-C) fractions are negatively correlated to CCC values (R2 = 0.65-
0.75, Figure 4.5g-k), further supporting these conclusions. 
The above correlations likely support the deprontonation of surface functional groups as 
the origin of surface charge. Surface functional groups, such as carboxyl and phenolic groups, are 
to be deprontonated, depending on its pKa value and solution pH. The pKa for carboxyl functional 
group on aromatic rings are usually lower than 4.2, and for phenolic groups, pKa values are 
generally around 10.40, 53 In current work with a pH of ~6.0, carboxyl groups are primarily 
deprontonated while phenolic groups are not. As a result, carboxyl groups are regarded as the main 
contributors to surface charge for the studied pH range (pH = 6.0 ± 0.3 for GO/CGO solutions), 
and other common solution conditions. This was also evidenced in a previous study where the 
removal of oxygen functional groups with high pKa from GO by photoreduction, such as epoxy 
groups, only leads to a small decrease in surface charge density (< 10-20%).38  
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4.4 Environmental Implications 
The understanding of environmental fate and transport of GO is complicated by its possible 
physical and chemical variations. Not only does GO in water tend to develop wrinkles and ripples 
as a result of minimizing the total free energy,54 intentional engineering of GO morphologies turns 
out to be a promising way to augment its properties. Further, chemical transformation of GO has 
been proven common in natural environments, such as photochemical reactions in sunlight55 and 
reduction by bacteria.56 By combining theoretical and experimental studies, this work highlights 
the critical nature of both the physical (i.e., crumpling, ζ-potential) and chemical (in particular, 
carboxyl functional groups) properties of GO with regard to fundamental aqueous behaviors. 
Taken together, crumpling of GO significantly increases its aqueous stability, while reduction (as 
RGO) has been shown to exhibit much faster aggregation kinetics at relatively lower ionic 
strengths. While these findings broadly, yet quantitatively, inform studies on the fate and transport 
of graphene-based materials in water, further fundamental studies on the long term stabilities of 
GO material variations (physical and chemical) under realistic aquatic environments, including the 
presence of natural organic matter, are still needed for more accurate life cycle and risk analyses. 
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Chapter 4 Supporting Information 
Relationship between CCC and ζ-potential described by DLVO theory, summary of the 
experiments performed, representative SEM, TEM, and AFM images, digital photos, UV-vis 
absorption spectra, XPS and  FTIR spectra of GO/CGOs, and example time-resolved aggregation 
profile of CGO-400 are included. 
 
S4.1. Relationship between CCC and ζ-potential described by derived by Hsu and Kuo1 
The distribution of dimensionless electrical potential around a charged planar surface immersed 
in an a:b electrolyte (e.g., NaCl, a=b=1; CaCl2, a=2, b=1) solution can be approximated as:
2, 3 
tanh(𝑎
𝜓
4
) = tanh (𝑎
𝜓0
4
) exp (−𝑘3𝑋) 
Where dimensionless parameters include electrostatic potential 𝜓 =
𝑒Φ
𝑘𝐵𝑇
 and distance X= κr. 𝜓0 
is the dimensionless surface potential. Debye length κ meets 𝜅2 =
𝑎(𝑎+𝑏)𝑛𝑒2
𝜀0 𝜀𝑟 𝑘𝐵𝑇
. Φ is the 
electrostatic potential, r is the position variable, ε0 and εr are the permeability of a vacuum and 
the liquid phase (water) respectively, T is the absolute temperature, e is the elementary charge 
(1.6×10-19 C), kB is the Boltzmann constant, n is the number concentration of cations in bulk 
phase. 
The parameter k3 is related to the valences of cations and anions, and defined by 
𝑘3 = {
[(𝑘−2)𝑘1+2𝑘2]
𝑘
, 𝑘 ≤ 4
[2𝑘1+(𝑘−2)𝑘2]
𝑘
, 𝑘 > 4
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𝑘1 =
2
𝑘1/2[(
𝑘
2
)
2
𝑘−2
−1]
 ,    𝑘2 =
2
𝑘1/2
 ,  𝑘 = 2 +
2𝑏
𝑎
 
For NaCl, k3=1; for CaCl2 and MgCl2, k3≈ 1.078. 
For a large X, 
𝜓 =
4
a
tan (𝑎
𝜓0
4
) exp (−𝑘3𝑋) 
The differential electrostatic repulsion force per unit area between surfaces dFR, is 
𝑑𝐹𝑅 = −𝜌𝑑Φ 
The space charge density 𝜌 is defined as 𝜌 = 𝑎𝑒𝑛 − 𝑏𝑒𝑛𝑏. n and nb are the number 
concentration of cations and anions, respectively. 
The electrostatic repulsion force FR thus can be obtained by integrating the above equation from 
infinite to L/2, X=L/2 being the position of the middle plane between surfaces. 
𝐹𝑅 = 𝑎𝑛𝑘𝐵𝑇 {(
1
𝑏
) [exp(𝑏𝜓𝑚) − 1] + (
1
𝑎
)[exp(−𝑎𝜓𝑚) − 1]} 
Where 𝜓𝑚  is the dimensionless potential at X = L/2. 
When the separation distance L is large enough, 𝜓𝑚 is low. Expanding FR in its Taylor series 
around 𝜓𝑚 = 0, the following was obtained: 
𝐹𝑅 =
𝑎(𝑎 + 𝑏)𝑛𝑘𝐵𝑇𝜓𝑚
2
2
= 32 (1 +
𝑏
𝑎
) 𝑛𝑘𝐵𝑇[tanh
2 (
𝑎𝜓0
4
)]exp (−𝑘3𝐿) 
The electrostatic potential energy, VR can be calculated by further integrating the force over the 
distance: 
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𝑉𝑅 = 𝜅
−1 ∫ 𝐹𝑅
∞
𝐿
𝑑𝐿 =
32(𝑎 + 𝑏)𝑛𝑘𝐵𝑇
𝑎𝑘3𝜅
[tanh 2(
𝑎𝜓0
4
)]exp (−𝑘3𝐿) 
If the Derjaguin approximation is applicable, the electrical potential energy between two 
spherical particles by be approximated by  
𝑉𝐸𝐷𝐿 =
𝜋𝑋0
𝜅2
∫ (1 −
𝐿1
2𝑋0
2𝑋0
0
)𝑉𝑅𝑑𝐿1 
Where L1 = 𝜅(L2-L0), L2 is the surface to surface distance between two particles, and L0 is the 
closest distance. 
Then, 
𝑉𝐸𝐷𝐿 =
32(𝑎 + 𝑏)𝜋𝑋0𝑛𝑘𝐵𝑇
𝑎𝑘3
2𝜅3
[tanh 2(
𝑎𝜓0
4
)]exp (−𝑘3𝐿) × [1 −
1
2𝑘3𝑋0
(1 − exp(−2𝑘3𝑋0))] 
The van der Waals attraction energy can be represented in most cases by:4  
𝑉𝑣𝑑𝑊 = −𝐴𝐺𝑊𝐺𝑋0/12𝐿                                                                                               
Where AGWG is the Hamaker constant of the GO-water system (i.e., GO separated by water). 
The total interaction energy Vtot is the sum of VEDL and VvdW. 
At CCC, Vtot = 0 and 
𝑑𝑉𝑡𝑜𝑡
𝑑𝐿
= 0                                                                                          
Let Lc be the value of L at which coagulation occurs. Lc was calculated to be1/k3.  
Finally, we obtained that the CCC (n as the cation number concentration) equals: 
𝑛 =
𝜆𝑡𝑎𝑛ℎ4(
𝑎𝜓0
4 )
𝑎5(𝑎 + 𝑏)𝑘3
6
(4𝜋𝜀0 𝜀𝑟)
3(𝑘𝐵𝑇)
5482
𝑒6𝐴𝐺𝑊𝐺
2𝜋exp (2)
 
And 
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𝜆 = [1 −
1
2𝑘3𝑋0
(1 − exp(−2𝑘3𝑋0))]
2
 
 
 
Table S4.1. Summary of the experiments performed 
Content Conditions Objective 
1. Materials 
Synthesis 
GO and CGOs synthesized at 
furnace temp.: 200, 400, 500, 
600, 800 °C 
Establish materials library 
2. Materials 
Characterization 
UV-vis, FTIR, XPS, SEM, 
TEM, zeta potential, and 
hydrodynamic diameter 
Identify evolution of surface chemistry and 
morphology during thermal reduction 
/crumpling 
3. Aggregation 
Kinetics 
Varied IS: NaCl: 0 - 250 mM; 
CaCl2 and MgCl2: 0 - 50 mM 
Determine early-stage aggregation kinetics 
and critical coagulation concentrations 
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Figure S4.1. (a-d) representative SEM images of GO and CGOs; (e-f) TEM images of CGO-600 
and CGO-800; (g) AFM measurement of GO sheets. 
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Figure S4.2. Photos of as-synthesized GO and CGO water dispersions. C = 80 mg/L. The color of 
the suspended samples gradually changed from brown (GO and CGO-200) to black (CGOs 
synthesized at ≥ 400 °C) upon thermal reduction, suggesting progressive restoration of the π 
network within the carbon structure. 
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Figure S4.3. UV-vis absorption spectra of as-synthesized GO and CGO aqueous samples. C = 20 
mg/L. Upon reduction, the major absorption peak (230 nm) shifted to further red (270 nm, typical 
absorption peak of graphene), and the absorption in the whole spectral region (> 230 nm) increased 
with the degree of redution. 
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Figure S4.4. High resolution C1s XPS spectra of GO/CGOs. The C-C, C-OH, C-O-C, C=O, 
COOH functionalities were deconvoluted at peaks of 284.8, 286.2, 287.1, 287.7, and 288.8 eV 
respectively. The peak positions were constrained within 0.2 eV from the assigned position (Figure 
g), and the FWHM values were fixed at 1.2 ± 0.2 eV for all major peaks (Figure h). 
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Figure S4.5. FTIR spectra (800-3800 cm-1 range) of GO and CGOs. GO and CGO-200 were 
observed to have almost the same spectra, indicating preservation of surface functionality under 
low temperature. The removal of carboxyl groups (decreasing of relative peak absorbance) 
happened with further reduction at higher temperature (e.g., CGO-600 and CGO-800). 
 
Figure S4.6. Example time-resolved aggregation profile of CGO-400 with presence of NaCl 
electrolytes. C = 40 mg/L, NaCl: 10-250 mM. pH was pre-adjusted to be 6.0 ± 0.3. 
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Chapter 5. Graphene Oxide Aqueous Aggregation: Interplay between Material 
and Natural Organic Matter Properties 
 
 
 
 
 
 
 
 
 
 
This chapter has been written into a research article, Jiang, Y., Raliya, R., Fortner, J., Biswas, P., 
Graphene Oxide Aqueous Aggregation: Interplay between Material and Natural Organic Matter 
Properties, to be submitted to Environmental Science & Technology. 
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Abstract 
Natural organic matter (NOM) is essential to consider when evaluating the stability of graphene 
oxide (GO) materials in realistic aquatic environments. However, such understanding has been 
confounded by the physical and chemical complexities of both NOMs and GO materials. In this 
work, the aggregation kinetics of three GO material types of varied geometries and surface 
chemistries (one flat and two crumpled, denoted as CGO) were investigated and compared in the 
presence of two salts (NaCl and CaCl2) and three model NOMs (SRHA, SRFA, and Aldrich Humic 
Acid (AHA)). While the presence of NOM is found to have considerably increased the critical 
coagulation concentrations (CCC) of all GO evaluated, the stability enhancement for CGO is at 
least one order of magnitude higher than flat GO, regardless of surface chemistry. This augmented 
stability is primarily due to enhanced steric repulsion via adsorbed NOM, although electrostatic 
repulsion also plays a role in the case of highly reduced GO (e.g., CGO-800). Further, based on 
adsorption results, higher adsorption density and extended configurations of NOM on crumpled 
surfaces may be the reason for much higher CCC of CGOs.  NOM with higher (net) aromaticity 
was correlated with increased (relative) stability enhancements (AHA > SRHA > SRFA > no HA 
in the presence of NaCl), suggesting π-π interactions  likely play a key rolein interaction 
mechanisms, which is similar to previous reports describing carbon nanotube – NOM interactions. 
In summary, this report highlights the complex interplay between GO material properties 
(morphology, surface chemistry, etc.) and NOM characteristics (e.g., aromaticity) with regard to 
aqueous stability - which is crucial to fundamentally understand towards a predictive framework 
for describing GO fate in real-world environments. 
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5.1 Introduction 
Graphene oxide (GO) materials are projected to be widely incorporated, at the industrial 
scale, into various technological applications, including energy production and storage,1 catalysis,2 
electronics,3 antimicrobial,4 and separations.5, 6 Due to anticipated mass production and extensive 
use, potential environmental release of GO and associated potential adverse effects on human 
health and ecological systems have raised concerns.7-9 Aqueous aggregation (stability) of 
nanomaterials significantly impacts effective toxicity, environmental transport, and ultimate 
material fate, it is fundamental to study the aggregation of GO in more realistic environmental 
conditions when evaluating and managing its risks. However, this understanding has been hindered 
by the physical and chemical variations of GO materials, in addition to the complexity of 
environmental conditions, such as different natural organic matters (NOMs).  
Previous aggregation behavior models are based on pristine flat GO nanosheets synthesized 
by the modified Hummer’s method10, without further chemical or physical transformation.11-13 
Due to high degree of oxygen functionality (with corresponding high ζ-potentials, usually -30 to -
50 mV14, 15), pristine GO is proposed to be stable in typical freshwater aquatic environments (e.g., 
pH 7 and 10 mM monovalent cations).11 However, GO material properties can vary by orders of 
magnitude. For example, the C/O ratio, which indicates the degree of oxidation/reduction, can 
increase from ~2.0 of GO to as high as 10 when reduction occurs.16 Such reduction, and thus loss 
of functional groups, leads to significantly decreased GO stability in water. Further, while GO is 
generally considered as a 2D flat sheet, a variety of geometries have been proposed including 
conformation into a crumpled structure in water.17 In our previous work,16 we provided a 
quantitative description of GO aggregation as a function of both morphology and surface 
chemistry, by correlating critical coagulation concentration (CCC) values for three ionic systems 
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(NaCl, CaCl2, and MgCl2) with physical and chemical properties of GO (ζ-potentials, C/O ratios, 
carboxyl, and C-C fractions). Overall, reduction leads to decreased stability, and observed CCC 
values increase by 23-80% when GO is crumpled (CGO), compared to flat analogues.16 
In addition to material properties, relevant environmental factors have been evaluated, 
including pH, salts, model/natural mineral particles (e.g., aluminum oxide,18 montmorillonite, 
kaolinite, and goethite13), and NOM.11 NOM, mostly humic substances, is ubiquitous in typical 
natural aqueous systems, with concentrations ranging from 0.1 to 2 mg/L (dissolved organic 
carbon) in ground waters and as high as 20 mg/L in surface waters.19 Although NOM is typically 
complicated mixtures of heterogeneous organic-based molecules with varing degrees of aromatic, 
carboxylic, and phenolic functionalities, previous aggregation studies are limited to one type of 
model NOM as Suwannee River Humic Acid (SRHA).17,20 SRHA was observed to significantly 
improve the stability of GO due to increased steric repulsion between GO particles.11 However, to 
gain a comprehensive understanding of how NOMs affect GO stability requires a deeper look into 
the (physical and chemical) structural complexity of NOMs, which has already been shown to have 
a great impact on the aggregation of other nanomaterials, such as carbon nanotubes.21 Such 
knowledge of GO – NOM interplay remains nascent. 
As discussed, both material and environmental variables are critical to understand the net 
aggregation behaviors of GO in real world environments. In this work, we focus on exploring such 
underlying mechanisms between the material and environmental variables with regard to 
aggregation in water. Specifically, we evaluate and compare aggregation kinetics of a series of GO 
material types (flat GO and two crumpled GOs with different degrees of reduction) under different 
environmental conditions (two salts, NaCl and CaCl2; three NOMs, SRHA, Suwannee River 
Fulvic Acid (SRFA), and Aldrich Humic Acid (AHA)). Results demonstrate that while NOM is 
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found to considerably enhance the aqueous stability of all GO materials, crumpled GO structures, 
regardless of surface chemistry, have much higher CCC values compared to flat GO structures. 
Electrophoretic mobility and adsorption experiments reveal that steric repulsion, resulted from 
higher adsorption density and extended configurations of NOM macromolecules, is likely the 
major reason for  the increased stabilities of CGO, compared to flat GO.  
5.2 Experimental 
5.2.1 Synthesis of Flat and Crumpled GOs 
GO was synthesized using the modified Hummer’s method,10 as described in detail in our 
earlier work.14 As-synthesized flat GO nanosheets were used as the starting material to obtain 
crumpled GO particles (CGO) by a furnace aerosol reactor (FuAR) method.14, 16 In brief, GO 
aqueous solution (~ 50 mg/L) was sprayed into micrometer-sized (2-4 µm) water droplets using a 
six-jet Collison nebulizer (BGI Incorporated) under a pressure of 14 psi, and the droplets were 
delivered by nitrogen gas into an alumina furnace reactor maintained at predetermined 
temperatures to heat it for several seconds. Each aerosolized droplet acts as a micro-reactor, in 
which flat GO sheets are crumpled under the capillary compression induced by rapid water 
evaporation. Two furnace temperatures, 400 and 800 °C, were selected to achieve crumpling but 
different degrees of thermal reduction. The thermal reduction leads to partial removal of surface 
functional groups, and restoration of aromatic carbon regions. The CGO particles synthesized 
under the furnace temperatures of 400 and 800 °C were denoted as CGO-400 and CGO-800 
respectively. The CGO nanoparticles were finally collected using a membrane filter (Millipore) at 
the end stream of the reactor, weighed and dispersed in water to get 200 mg/L dispersion. 
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5.2.2 Materials Charaterization 
Detailed material characterization methods were described in our earlier work.16 The 
morphology and size of the GO/CGO samples were examined by transmission electron 
microscopy (TEM, TecnaiTM Spirit, FEI Co.), field emission scanning electron microscopy 
(FESEM, NOVA NanoSEM 230, FEI Co.), and atomic force microscopy (AFM, Veeco 
Nanoman). ζ-potential and hydrodynamic diameter (Dh) (in 40 mg/L aqueous solution) were 
measured with a ZetaSizer Nano ZS instrument (Malvern Instruments, Worcestershire). Surface 
chemistry information was obtained with fourier transform infrared spectrometer (FTIR, Nicolette 
Nexus 470) and X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II equipped with 
monochromatic Al Kα (1486.6 eV) X-ray source).  
5.2.3 Preparation of NOMs 
Two aquatic humic substances, Suwannee River humic acid (SRHA II) and fulvic acid 
(SRFA II) (International Humic Substances Society (IHSS), Atlanta, Georgia), and one terrestrial 
humic substance, Aldrich HA (Sigma Aldrich),22, 23 were used as model NOM compounds. SRHA, 
SRFA, and AHA stock solutions were prepared by dissolving 100 mg of humic substances in 100 
mL MilliQ water (1 g/L). The solutions were stirred overnight in the dark. The pH was adjusted to 
10.5 with 0.1 M NaOH to ensure complete dissolution. The solutions were then filtered using a 
0.45 µm nitrocellulose membrane filter (Millipore). The total organic carbon (TOC) content of the 
filtered solutions was determined through high temperature oxidation using a TOC analyzer 
(Shimadzu TOC-L). The stock solutions were diluted to be 30 mg TOC/L and pH was adjusted, if 
needed, to 7.0 ± 0.1. Specific UV absorbance at 254 nm (SUVA254) values were calculated as the 
UV absorbance at 254 nm divided by TOC concentration (mg/L) and 0.01 m quartz cell path length 
(unit: L/(mg·m)). 
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5.2.4 Aggregation Kinetics of GO/CGOs 
The pH of GO/CGO solutions was adjusted to be 6.0 ± 0.3 using HCl and/or NaOH before 
each experiment. The initial rate of increase in hydrodynamic diameter was measured by time-
resolved dynamic light scattering (TR-DLS) (Malvern ZetaSizer Nano ZS). GO/CGO dispersion, 
electrolyte solution (NaCl and CaCl2 with different ionic strength), and NOM solution were mixed 
to reach the desired concentration (GO/CGO: 20 mg/L; NaCl: 0-3,000 mM; CaCl2: 0-10 mM; 
NOM: 0-2.7 mg/L). The DLS glass cuvette was quickly vortexed and placed in the instrument for 
measurement. The rate was calculated for the initial stage defined as the period between t = 0 to 
the time when Dh reaches 1.30Dh0.
12, 24 Since GO/CGO concentration remained identical, the 
attachment efficiency α was then determined to be the ratio of the initial rate of change of Dh in 
the reaction-limited regime over that in the diffusion-limited regime.16 Critical coagulation 
concentrations (CCC) were determined from the intersection of extrapolated lines through the 
diffusion and reaction limited regimes. 
5.2.5 Adsorption of NOMs onto GO/CGOs 
GO/CGO and NOM solutions were mixed in a centrifuge tube to reach concentrations of 
20 mg/L and 18 mg C/L respectively. The tubes were placed on a shaker for 48 h to equilibrate at 
room temperature (21 ± 2 °C) based on preliminary studies of adsorption rate. After 48 h, the 
mixture solution was filtered using a single use syringe filter (with nominal 50 nm pore size, 
nanocellulose, Millipore). The solutions before and after the filtration were measured using UV-
vis spectrometer and TOC analyzer (after proper dilution). Careful control experiments were 
conducted by testing the filtration of pure GO/CGO, and NOM solutions using the same procedure. 
Three replicates were performed for each adsorption case. 
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5.3 Results  
5.3.1 Materials Characterization 
Size, morphology, and surface chemistry of GO, CGO-400, and CGO-800 are described in 
detail via AFM, TEM, SEM, FTIR, and XPS measurements (Figure 5.1).16  AFM measurement of 
GO nanosheets show a primary coupon size distribution between 100 and 600 nm, with most as 
single or double layered (Figure 5.1a and d). CGO-400 and CGO-800, synthesized via an aerosol 
route using flat GO as the starting material, have a distinctive crumpled morphology (Figure 5.1b 
and c). CGO has a quasi-spherical morphology with relatively smooth surfaces and sharp ridges. 
During the aerosol synthesis process, water evaporation induces strong caplliary force, which 
effectively crumples flat GO sheets into ‘paper-ball’ like structures. CGO-400 and CGO-800 have 
very similar size distributions, and approximately >80% of these particles are between 100 and 
400 nm (Figure 5.1e and f). The hydrodynamic diameters of GO and CGOs are around 200 nm as 
measured by dynamic light scattering (DLS) (Figure 5.1g). Size measurements from DLS, AFM, 
and TEM are consistent, due to the fact that that DLS can underestimate flat GO sheet (particle) 
size.25 For GO and CGO-400, a highly negative ζ-potentials (below -40 mV) is observed which is 
in contrast to CGO-800 (ζ-potentials increase to -20 mV), due to significant thermal reduction, 
(Figure 5.1g). 
 Increase of ζ-potential indicates thermal reduction of GO sheets during the aerosol 
processing at higher temperatures as previously described. 16GO is generally described as one-
atom-thick highly oxidized graphene sheet, with oxygen-containing functional groups which 
include basal hydroxyl and epoxy, and edge-associated carbonyl and carboxyl groups.26 Under 
furnace temperatures of 400 and 800 °C, oxygen functional groups are expected to be partially 
removed. 16, 27 Here, the evolution of surface functional groups was analyzed via XPS carbon 1 S 
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peaks which were deconvoluted into five  chemical states, which represent most commonly 
accounted surface functional components, including the C-C (284.8 eV), C-OH (286.2 eV, 1-1.5 
eV shift to higher binding energy (BE)), C-O-C (287.1 eV, higher BE compared to C-OH group), 
C=O (287.7 eV, 2.5-3 eV shift to higher BE) and COOH (288.8 eV, 4-4.5 eV shift to higher BE) 
functionalities.28, 29 As shown in Figure 5.1h, being highly oxidized, GO is rich in oxygen 
functional groups, including C-OH (~13% of area ratio), C-O-C (~ 35%), C=O (~6%), and COOH 
(~5%). With thermal reduction, oxygen-based functionality decreases and is accompanied by the 
restoration of C-C aromatic regions. For example, the C-C area ratios increased gradually from 
~41 ± 4 % of GO to ~61 ± 2 % of CGO-400 and 75 ± 4 % of CGO-800, similar to a previous 
study.28 Similarly, when analyzed by FTIR, GO has a mixture of oxygen-based functional moieties 
including C-O (phenolic/epoxy/carboxyl), C=C (aromatic), C=O (carbonyl), and -OH (hydroxyl) 
stretches (Figure S5.1).2, 30, 31  
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Figure 5.1 (a) AFM image of GO; (b-c) TEM images of CGO-400 and CGO-800; (d-f) 
particle size distribution obtained by analyzing ~ 150 particles from AFM and SEM images; 
(g) hydrodynamic diameters and ζ-potentials of GO, CGO-400, and CGO-800 measured by 
dynamic and electrophoretic light scattering; (h) fractions of each components to the C 1s 
peak obtained by deconvoluting the high-resolution C 1s XPS spectra of GO, CGO-400, and 
CGO-800. 
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5.3.2 Aggregation Kinetics in Presence of NOMs  
2.7 mg C/L of SRHA, SRFA, and AHA were added to evaluate the effects of NOM 
properties on GO aqueous stability.  As an index for particle aqueous stability, attachment 
efficiency (ɑ) at different electrolyte concentrations was calculated by normalizing the initial 
aggregation rate constant to the rate constant obtained under diffusion-limited (attractive, fast) 
conditions.24 The attachment efficiencies are plotted as a function of electrolyte concentrations in 
Figure 5.2. For all cases, distinct reaction-limited and diffusion-limited regimes were observed for 
GO and CGOs, indicating that colloidal behavior follows classic Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory.32, 33 
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Figure 5.2 Attachment efficiencies (ɑ) of GO/CGOs as a function of (a-c) NaCl and (d-f) 
CaCl2 concentrations in presence of three NOMs (SRFA, SRHA, and AHA, 2.7 mg C/L). 
The pH of GO/CGO solutions was pre-adjusted to be 6.0 ± 0.3 with 0.02 mM-0.5 mM NaOH 
or HCl. All NOMs were with pH of 7.0 ± 0.3. The CCC values were determined from the 
intersection of reaction-limited and diffusion-limited aggregation regime. 
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Figure 5.3 Comparison of CCC values of GO, CGO-400, and CGO-800, with or without 
three types of NOMs (2.7 mg C/L), SRHA, SRFA, and AHA, in NaCl (a) and CaCl2 (b) 
electrolytes.  
The critical coagulation concentration (CCC) value for each case was determined from the 
intersection of extrapolated lines through the diffusion- and reaction-limited regimes (Figure 5.2). 
The CCC values are compared as an index of relative aqueous stabilities. Without NOM, CCC 
values follow the same order for NaCl and CaCl2 electrolytes: CGO-400 > GO > CGO-800. As 
described in our previous work,16  despite being reduced, CGO-400 has higher CCC values due to 
morphological crumpling and thus reduced interacting surface area, compared to flat GO; CGO-
800 has the lowest CCC values due to further thermal reduction and removal of surface functional 
groups (i.e., carboxyl groups). With the addition of NOM, the CCC values increases for all cases, 
indicating enhanced aqueous stabilities (Figure 5.3). Such an increase of CCC values is consistent 
with previous observations, which have shown that NOM strongly interacts with other carbon 
allotropes (e.g., nanotubes and C60) via adsorption, acting to stabilize aqueous-based CNTs and 
C60.
21, 33-36 
Interestingly, increases in CCC values of CGOs are considerably larger than those of GO. 
For example, the CCC values in NaCl electrolytes increased by only 0.6-3.0 times for GO in the 
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presence of NOM, which in comparison was 8.4-18.8 times for CGO-400, and 25.5-49.9 times for 
CGO-800 (Figure 5.3a). Such disparity was also observed in CaCl2 electrolytes, although to a 
lesser degree. For GO, the CCC values increased by 0.3-0.7 times, while for CGO-400, they 
increased by 1.7-1.8 times and for CGO-800 by 3.1-3.2 times (Figure 5.3b). In the presence of 
monovalent electrolytes, CCC values of CGO-400 remain the highest with NOM, followed by 
CGO-800, and finally GO. For example, in presence of 2.7 mg C/L AHA, NaCl CCC for CGO-
400 is 1572 mM, which is significantly higher than that of CGO-800 (845 mM) and GO (267 mM). 
For divalent electrolytes in the presence of NOM, CGO-400 and CGO-800 have similar CCC 
values (~ 5.5 mM CaCl2), but are > 2 times higher than those of GO (~ 2 mM CaCl2). The 
monovalent CCC values are significantly higher than divalent CCC values, which is expected due 
to the bridging/crosslinking behavior(s) of Ca2+ ions.12, 37  
The relative effect of NOM concentration on the enhancement of stability is shown in 
Figure 5.4. AHA of two concentrations, 1.7 and 2.7 mg C/L, was added into GO/CGO solution 
and CCCs were determined. For these, CCC values increase with the addition of AHA. For 
example, the NaCl CCC value increases from 1354 mM in presence of 1.7 mg/L AHA to 1572 
mM in presence of 2.7 mg/L. Similar trend occur for divalent cations, but less pronounced (Figure 
5.4b). This observation show that high concentration of NOM in aqueous environment is likely to 
further enhance the stability of GO materials. 
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Figure 5.4 Comparison of CCC values in presence of 1.7 and 2.7 mg C/L AHA. 
 
Overall, NOM has a significant impact on material stability, particularly in the presence of 
monovalent cations (Figure 5.3). For Na+, CCC values follow the order: AHA > SRHA > SRFA 
> no HA, regardless of the material type (Figure 5.3a). Relative CCC values in presence of SRFA 
and SRHA were nearly half and 5491% compared to AHA, respectively. In other words, AHA has 
the strongest stabilizing effect. However, for divalent cations (Ca2+), this trend is not as clear 
(Figure 5.3b).  
5.3.3 Surface Charge in Presence of NOMs  
In the presence of NOM, changes in electrostatic repulsion and steric repulsion can 
contribute to enhanced stability, as revealed in previous studies.33, 35, 36 To evalauate the role of  
resulting elctrostatic repulsion processes, electrophoretic mobility of all samples with or without 
NOM, considering both electrolytes, 10 mM NaCl and 1.5 mM CaCl2, were compared (Figure 
5.5). Considering only electrolytes, the electrophoretic mobility values were observed to become 
more positive,  indicaitng screening of surface charge by electrolytes (Figure 5.5). For example, 
with 10 mM NaCl, the electrophoretic mobility increased from -4.0 to -3.0 m2 V-1 s-1 for GO and 
from -4.6 to -3.7 m2 V-1 s-1 for CGO-400. Divalent Ca2+ has a more significant suppressing effect 
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on the surface charge compared to monovalent Na+ - for 1.5 mM CaCl2, the electrophoretic 
mobility values of all samples increased to be above -1.6 m2 V-1 s-1.  
 
 
Figure 5.5 Electrophoretic mobilities (EPM) of GO, CGO-400, and CGO-800 nanoparticles 
in the presence of 10 mM NaCl and 1.5 mM CaCl2. 2.7 mg C/L SRHA, SRFA, and AHA 
were present. The error bar represents the standard deviation from at least 3 samples.  
With the addition of NOM, for GO and CGO-400, the electrophoretic mobility values 
remained almost unchanged, but the electrophoretic mobility of CGO-800 decreased from -2.2 to 
-3.3-3.7 m2 V-1 s-1 in 10 mM NaCl and from -1.1 to -1.3-1.4 m2 V-1 s-1 in 1.5 mM CaCl2 (Figure 
5.5). These observations are consistent with reports of other nanoparticles, including CNT and C60, 
in that the electrophoretic mobility values remained unchanged33, 35 or decreased with the presence 
of NOM.36  
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5.3.4 Adsorption of NOM  
 
 
Figure 5.6 Adsorption of SRHA, SRFA, and AHA onto GO/CGOs. 
The amount of NOM adsorbed onto GO/CGO is quantified through batch adsorption 
experiments (CGO/CGO= 20 mg/L, NOM = 18 mg C/L). Adsorption quantities range from ~200 to 
600 mg C/g adsorbent (Figure 5.6). For a comparison, previous reports show that adsorption of 
NOM onto CNTs are usually a few dozen(s) to ~ 200 mg C/g CNT.21, 38 It was found that the 
adsorption of NOMs for all materials followed: AHA > SRHA ≈ SRFA (Figure 5.6).   
5.4 Discussion 
Overall, experimental results clearly show that NOM significantly increases the aqueous 
stability of graphene oxide materials. Such enhanced stability is generally explained by the change 
/ effect of two interactions, electrostatic and steric repulsions. Increase in surface charge increases 
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electrostatic repulsion, thus enhancing the stability. Steric repulsion of two macromolecular layers 
can also lead to highly efficient material stabilization if the adsorbed layer thickness is larger than 
the Debye length when particles are less likely to approach at distances where vdW forces 
dominate.39 These two repulsion effects are impacted by the characteristics of graphene materials 
and NOMs as discussed here: 
5.4.1 Effects of Material Properties  
The above results show that CGO, regardless of surface chemistry, has relatively higher 
CCC values and thus stability than flat GO in presence of NOM in water. Among the three material 
variables evaluated, the EPMs of CGO-800 became more negative with the presence of NOM, 
indicating an increase of electrostatic repulsion. However, such change was not observed with the 
more negatively charged GO and CGO-400, whereby the surface charge remained almost the same 
(Figure 5.5), which is similar to a previous report.11 According to an analysis presented in our 
earlier work,16 when considering only electrostatic and vdW interactions, the CCC has an 
approximate linear relationship with the function 𝑡𝑎𝑛ℎ4(
𝜓0
4
)  , where  𝜓0  is the dimensionless 
surface potential of particles (Supporting Information). For example, the CCC would increase by 
about 3.4 times if the surface potential of particles decreases from -30 mV to -45 mV. While when 
this surface potential change happened with CGO-800, CCC has increased by a few dozens of 
times, indicating steric repulsion plays a greater role in enhancing the aqueous stability. Taken 
together, for all cases studied here, steric repulsion is likely the major reason for enhanced aqueous 
stability in the presence of NOM. 
For each specific NOM type, there appears to be no significant difference between 
adsorption quantities for material variables tested. This observation also indicates that among 
multiple adsorption mechanisms (e.g., electrostatic interaction, hydrophobic interaction, π-π 
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interaction, and hydrogen-bonding38), π-π interaction is a major mechanism. NOM adsorption 
likely results from a trade-off between increased aromatic regions and decreased accessible area. 
Upon thermal reduction, aromatic networks on CGO surface are restored, creating additional π-π 
interaction sites/areas between CGO and NOM molecules and thus leading to enhanced adsorption 
(and stronger steric repulsion). However, such effect may be negated by the decrease of accessible 
surface area due to crumpling. As a geometrical sheet, flat GO  can adsorb on both material sides 
(while with a lower adsorption density), but for CGO, it is likely that most adsorption occurs on 
the outside surface of the crumpled ball. In other words, higher adsorption density (similar 
amount/decreased area) and extended configurations of NOMs on CGO surfaces are caused by 
different structural morphologies of CGO. It is possible that the GO and NOM molecules are 
parallel stacked, while for CGO, more extended configuration (outward) forms of NOMs exist, 
which increases the adsorbed layer thickness and thus the steric repulsion.  
5.4.2 Effects of NOM Properties  
SRHA and SRFA were reported to be taken from oxic environments whereby their organic 
constituents have undergone significant mineralization; while AHA has undergone, to a lesser 
degree, a milder degree of diagenesis in which biotic/abiotic processes have broken down amino 
acids and carbohydrates, leaving resistant organic matter such as lignins and waxy substances.40 
As a result, SRHA and SRFA are comprised of relatively small, polar and partially oxidized 
moieties, while AHA has more nonpolar, aromatic portion.40, 41 Further comparing SRHA and 
SRFA, SRFA typically has lower molecular weight (e.g., 3-10 kDa for SRFA and 10-30 kDa for 
SRHA42), and tends to be more hydrophilic than SRHA, due to different ratios of oxygen moieties 
(SRHA with relatively more phenolic groups and relatively fewer carboxylic groups).42  SUVA254, 
as the bulk indicator of aromatic content of organic matter, represents the absorption by aromatic 
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bonds at wavelength of 254 nm.43 The SUVA254 for SRFA, SRHA, and AHA were calculated to 
be 3.7 ± 0.8, 5.9 ± 0.6, and 9.7 ± 1.5 L/(mg·m). This result qualitatively agrees with the aromatic 
ratios estimated by 13C NMR analysis (Table S5.1, SRFA, 22%, SRHA, 31%, and AHA, 40%). 
This trend of aromaticity coincides with the adsorption and stability experimental results, 
where the highest adsorption and CCC occur in presence of AHA (Figure 5.3 and 6). These results 
further implicate π-π interactions as likely a (major) adsorption mechanism, as AHA is the most 
aromatic among the three types of NOM evaluated. This observation agrees with previous studies 
on adsorption of different NOM to MWNT,21 which also correlated aromatic carbon content of 
NOM adsorption with π-π interactions / prevalence.21 Additional reports have also shown that 
humic substances adsorb preferentially onto hydrophobic surfaces.40, 43 However, we did not 
observe obvious difference between the adsorption quantities of SRHA and SRFA, which is likely 
due to the fact that the two observed values are close enough.. 
5.5 Environmental Implications 
Results presented in this work clearly indicate that both material properties, NOM 
characteristics, and their respective interplay are critical to consider when investigating the 
aggregation behaviors of graphene-based materials in water. In the presence of NOM, GO 
materials will have higher aqueous stability, and crumpled morphologies will have much enhanced 
CCC values compared to flat GO structures. Observed enhanced aqueous stability was primarily 
due to steric repulsion imparted by adsorbed NOM macromolecules, and much higher CCC values 
associated with crumpled morphologies may be a result of high adsorption density and different 
configurations of NOM molecules on CGO surfaces. While this work provides new knowledge 
regarding graphene oxide behavior in water, additional research is needed to assess more 
complicated surface chemistries and morphologies of GO/CGO, in addition to material evaluation 
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in more complicated media (i.e. actual surface and ground waters) for a more accurate 
understanding of the long-term transport and fate of various graphene-based nanomaterials. Such 
information is critical for accurate life cycle assessments and ultimate material sustainability.  
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Chapter 5 Supporting Information 
Table S5.1. 13C NMR estimates of carbon distribution in HA samples. SRHA and SRFA data are 
excerpted from International Humic Substances Society (IHSS) (website: 
http://www.humicsubstances.org/thornnmr.html). AHA data are excerpted from Kim, J., G. 
Buckau, et al. (1990). Characterization and complexation of humic acid, Technische Univ. 
Muenchen. 
  
Sample 
Name 
Carbonyl Carboxyl Aromatic Acetal Heteroaliphatic Aliphatic 
SRHA II 6 15 31 7 13 29 
SRFA II 5 17 22 6 16 35 
AHA 14 40  5 41 
 
Figure S5.1. FTIR spectra of GO, CGO-400, and CGO-800. 
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S5.1. Relationship between CCC and ζ-potential  
When considering only electrostatic repulsion and vdW attraction, the relationship between CCC 
(n as the cation number concentration) and surface potential of particles can be approximated by 
the following equation:1  
𝑛 =
𝜆𝑡𝑎𝑛ℎ4(
𝑎𝜓0
4
)
𝑎5(𝑎+𝑏)𝑘3
6
(4𝜋𝜀0 𝜀𝑟)
3(𝑘𝐵𝑇)
5482
𝑒6𝐴𝐺𝑊𝐺
2𝜋exp (2)
 , 
 𝜆 = [1 −
1
2𝑘3𝑋0
(1 − exp(−2𝑘3𝑋0))]
2
 
Thus CCC is proportional to ζ-potential (when assume the AGWG values are the same for CGOs) 
by: 
𝑛/𝜆 ∝  𝑡𝑎𝑛ℎ4(
𝑎𝜓0
4
) 
 
Where 𝜓0 is dimensionless surface potential 𝜓0 =
𝑒Φ0
𝑘𝐵𝑇
 ; X0 is the dimensionless radius of the 
particle, X0= κr0 (r0 is the particle radius); L is the surface-to-surface distance between two 
particles. The reciprocal Debye length κ is calculated by 𝜅2 =
𝑎(𝑎+𝑏)𝑛𝑒2
𝜀0 𝜀𝑟 𝑘𝐵𝑇
, where a and b are the 
valences of the cation and anion of the electrolyte, ε0 and εr are the permeability of a vacuum and 
the relative permeability of the liquid phase (water) respectively, T is the absolute temperature 
(298 K), e is the elementary charge (1.6×10-19 C), kB is the Boltzmann constant (1.38×10
-23 
m2·Kg·s-2·K-1), n is the number concentration of cations in bulk phase. AGWG is the Hamaker 
constant of the GO-water system (i.e., GO separated by water). k3 is a parameter related to a and 
b, for NaCl, k3=1; for CaCl2 and MgCl2, k3 ≈ 1.078. 
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For the above hyperbolic function 𝑦 = 𝑡𝑎𝑛ℎ4(
𝑒Φ0
4𝑘𝐵𝑇
), the plot will appear as follows: 
As the graph shows (Figure S5.2), when the surface potential decreases from -29 to -45 mV, the 
function y increases from 0.006 to 0.029 (about 5 times). 
 
Figure S5.2. y as a function of surface potential Φ0, 𝑦 = 𝑡𝑎𝑛ℎ
4(
𝑒Φ0
4𝑘𝐵𝑇
) 
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Chapter 6. Facile Aerosol Synthesis and Characterization of 
Ternary Crumpled Graphene-TiO2-Magnetite Nanocomposites 
for Advanced Water Treatment  
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Abstract 
In this work, the synthesis and characterization of multifunctional crumpled graphene-
based ternary nanocomposite photocatalysts for advanced water treatment applications is 
described. Currently, a major hurdle for the scale-up and optimization of aqueous, 
graphene-based photocatalysts is restacking of graphene nanosheets due to strong π-π 
interactions. To overcome this hurdle, a fast and facile aerosol technique to synthesize 
monomeric, aggregation-resistant, crumpled graphene-based photocatalysts was 
developed. The aerosol route utilizes water evaporation-induced confinement forces to 
effectively crumple graphene oxide and subsequently encapsulate commercially available 
TiO2 and magnetite nanoparticles. The as-synthesized crumpled graphene-TiO2-magnetite 
(GOTIM) ternary core-shell nanostructures, are shown to possess superior aqueous-based 
photocatalytic properties (over a 20 fold enhancement in some cases) compared to TiO 2 
alone.  Total GOTIM photocatalytic reactivity is confirmed to also include efficient photo-
reduction reaction pathways, in addition to expected oxidation routes typical of TiO 2 based 
photocatalysts, significantly expanding photocatalytic application potential compared to 
TiO2 alone. Reaction kinetics and proposed mechanisms (both oxidative and reductive) 
are described for a model organic compound, here as methyl orange.  Further, with the 
addition of hole scavengers such as EDTA, and/or lowering the O2 concentration, we 
demonstrate further enhancement of photocatalyzed reduction reactions, suggesting 
potential for directed, controlled reduction applications. In addition to robust aqueous 
stability, low-field magnetic susceptibility is demonstrated, allowing for low-energy, in 
situ material separations, which are critical for material recycling and reuse. 
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6.1 Introduction 
Water treatment using photocatalysts, particularly TiO2, has garnered considerable 
attention and been successfully demonstrated in a number of applications.1, 2 Recent material 
advances with combined TiO2-carbon nanomaterial based photocatalysts, such as graphene and 
carbon nanotubes, have demonstrated superior and sometimes unique physical and chemical 
properties compared to traditional analogs. For example, fullerene (C60)-incorporated TiO2 
nanorods demonstrated enhancement of photocatalytic activity by nearly 2.7 times compared to 
Degussa P25;3 while carbon nanotube (CNT)-TiO2 materials, also demonstrated enhanced activity 
with rates dependent on dopant ratios  (maximum oxidation rates were found at ~ 85 wt.% CNT);4  
a hybrid P25-graphene composite material, synthesized via a one-step, hydrothermal method, was 
demonstrated to be a superior photocatalyst compared to bare P25 (measured by the degradation 
rate of methylene blue), due to increased light absorption range, more pollutant adsorption (surface 
localization) and decreased recombination of photo-induced holes and electrons.5  Further, 
graphene-based TiO2 photocatalysts may eventually prove to be economical, as they are not only 
more efficient per unit mass when compared to traditional analogs, but also composed of abundant, 
available and relatively low cost elemental components in addition to rapidly decreasing graphene 
production costs. To date, one of the significant issues in the aqueous-based processing and 
applications of graphene composites lies in the material’s tendency to restack due to strong π-π 
attractions between graphene nanosheets.6 Restacking results in significant decreasing of 
accessible surface area and aqueous stability/accessibility, and thus loss of material efficacy over 
a short time.7, 8  To avoid restacking/instabilities there have been a number of strategies employed 
such as spacer additions (e.g. CNT9 and water10); however, the overall catalytic durability and 
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reliable recovery (separation), which both are needed for successful recycling/application 
strategies, for such materials has yet to be fully demonstrated.   
Interestingly, there have been recent advancements in the development of three-
dimensional (3D), nanoscale, graphene composite structures, which can be specifically engineered 
to avoid two-dimensional limitations stated above. Specifically, by ‘crumpling’ graphene and 
graphene oxide it has been observed that resulting 3D structures have outstanding compression- 
and aggregation-resistant properties in water.6, 8 Further, aggregation-resistant, crumpled 
graphene-nanocrystal composites can be synthesized via direct aerosolization starting with either 
graphene oxide suspensions mixed with precursor ions11 or pre-synthesized nanoparticles, 
resulting in binary and ternary composite materials.12, 13  Such crumpled graphene based 
nanocomposites, which have been demonstrated to include the incorporation of  Si,14 Pt,15 Mn3O4 
and SnO2,
11 TiO2,
16, 17 Au/Fe3O4,
13  (either through encapsulation or sack-cargo surface 
complexes) have been primarily evaluated for electrochemical and magnetic applications. 
However, as a high performance aqueous-based photocatalyst, crumpled graphene-TiO2 structures 
have not yet been thoroughly evaluated. Additionally, tailoring crumpled graphene-TiO2 magnetic 
susceptibility through the incorporation of magnetite nanoparticles, and thus allowing for simple 
catalyst recovery strategies, is of high interest for material reuse/recycle, particularly in a context 
of economically sustainable processing. 
Crumpled graphene-based nanocomposites can be readily produced by an aerosol-based 
approach.11, 12 Briefly, graphene oxide precursors are aerosolized into micrometer-sized droplets 
by using a nebulizer and then delivered by N2 into a furnace aerosol reactor (FuAR). During the 
flight time within the reactor, single graphene oxide sheet effectively crumples under evaporation-
induced confinement forces allowing for the effective encapsulation of associated nanoparticles, 
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thus forming a core-shell type nanocomposite. The encapsulated nanocrystals can be pre-
synthesized nanoparticles (e.g. citrate-stabilized Ag nanoparticles),12 or grown from precursor 
ions.11 Combined, the graphene oxide sheets and precursor content, either pre-synthesized 
nanoparticles or precursor ions, determine the size and composition, thus functionality, of the 
resulting material. For example, magnetic susceptibility can be achieved and tuned by 
incorporating a magnetic precursor component such as nanoscale magnetite (Fe3O4) particles, as 
described in this work. 
Previous research describing (flat) graphene-TiO2 photocatalytic reactions have primarily 
focused on oxidation pathways.5, 18-21 Under UV irradiation (< 380 nm wavelength) photo-induced 
holes (h+) and radical species, such as superoxide radicals (O2
-·) and hydroxyl radicals (OH·) can 
oxidize model target species or pollutants.18, 21 Targeted photocatalytic reduction of pollutants, 
such as U(VI),22 Cr(VI),23, 24 Cu(II),25 2,4,6-trinitrotoluene (TNT),26 CO2,
27 has not, however, been 
a focus area to date for graphene-TiO2 structures despite the possibility of engineering reduction 
pathways as induced electrons lifetime and occurrence can be significantly enhanced under UV 
irradiation.18  Based on this, a detailed exploration of both oxidation and reduction reaction 
pathways for photo-induced holes and excited electrons, uniquely enabled through engineered, 
crumpled graphene-TiO2 materials for aqueous catalytic redox processes, is needed.  
This work focuses on two significant aspects of crumpled graphene-TiO2 aqueous 
photocatalysts: (1) Synthesis and evaluation of a new ternary crumpled graphene (or reduced 
graphene oxide)-TiO2-magnetite (GOTIM) photocatalyst, which are highly stable, aggregation-
resistant and magnetically recoverable in water; and (2) identification and exploration of extended 
aqueous reaction pathways for (UV) photo-induced holes and electrons for synthesized materials, 
including the enhancement of photocatalytic reduction based reactions. Together, this works 
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highlights the platform potential for crumpled graphene-TiO2 photocatalysts to be broadly 
multifunctional, including the extension of reaction regimes, in addition to being recoverable via 
low magnetic fields, allowing for simple yet efficient separation/reuse strategies.   
6.2 Experimental 
6.2.1 Precursor Preparation  
Graphene oxide (GO) was synthesized using the modified Hummer’s method28 and was 
reported in our previous work.8 To obtain GOTIM ternary nanocomposite, dry GO powder (200 
mg) and commercial magnetite nanoparticles (primary size < 50 nm, Sigma Aldrich, 100 mg) were 
premixed and dispersed in 200 mL water and ultrasonicated for 1 h using a microtip sonicator 
(Qsonica). This process allows the exfoliated GO nanosheets to associate with disaggregated 
magnetite nanoparticles. The suspension was then centrifuged at 10,000 rpm for another 1 h. The 
supernatant, with exfoliated GO nanosheets and attached magnetite nanoparticles, was then added 
with TiO2 nanoparticles at different weight percentages (Evonik Degussa Aerodisp; 7, 14, 28 mg) 
and aerosolized (Figure 6.1). Crumpled graphene-TiO2 (GOTI) nanocomposite was also 
synthesized for the photocatalytic reaction experiments. To obtain GOTI nanocomposite, GO 
solution was directly mixed with TiO2 (28 mg TiO2 into 200 mL GO solution); and the mixture 
was then aerosolized. 
6.2.2 Crumpled Graphene Nanocomposite Synthesis  
To obtain the crumpled graphene nanocomposite, a furnace aerosol reactor (FuAR) was 
utilized (Figure 6.1). The precursor solution was atomized into micrometer-sized droplets by using 
a Collison nebulizer (BGI Incorporated), and then delivered by N2 into tubular alumina reactor (1 
m × 25 mm ID) maintained at 400 °C, to enable the successful crumpling of GO, yet partially 
preserve the functional groups, such as carboxyl and hydroxyl groups that are critical for 
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nanocomposite stability in water due to electrostatic repulsion.8 The flow rate was operated at 12.4 
L/min by adjusting the nebulizer pressure (14 psi, 96.53 kPa), resulting in ~1.6 s residence time. 
During the flight in the furnace, graphene oxide became crumpled under the evaporation-induced 
confinement force, and could effectively encapsulate nanoparticles dispersed in the precursor 
solution.12 Finally, the nanocomposites were collected downstream of the reactor, weighed and 
dispersed into water to obtain 200 mg/L dispersion. 
6.2.3 Nanoparticle Characterization  
The optical properties of GOTIM aqueous dispersions (200 mg/L) were measured by using 
a UV-Vis spectrophotometer (Varian Bio 50). The ζ-potential and hydrodynamic diameter of 
aqueous GOTIMs were measured using Zetasizer Nano ZS system (Malvern Instruments). The 
morphology and size of the GOTIM nanoparticles were also examined by field emission scanning 
electron microscopy (FESEM, NOVA NanoSEM 230), transmission electron microscopy (TEM, 
Tecnai TM Spirit), and high resolution-TEM (HR-TEM, JEOL 2100). The crystal phase was 
determined by X-ray Diffraction (XRD) (Geigerflex D-MAX/A, Rigaku Denki) with CuKα 
radiation (λ = 1.548 Å). The GOTIM nanoparticles were digested in concentrated HNO3 at 110 °C 
for 10 h and diluted for inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7500cc) 
analysis to quantify the TiO2/magnetite ratios. GOTIM nanocomposite molecular bond and 
functionality analyses were performed with a Raman spectrometer (Renishaw InVia Reflex 
confocal Raman spectrometer with a 514 nm laser); and fourier transform infrared spectrometer 
(FTIR, Nicolette Nexus 470).  
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6.2.4 Photo-degradation of a Model Dye  
The photocatalytic activity of synthesized GOTIMs was evaluated by the photo-
degradation of a model pollutant, methyl orange (MO). Typically 50 mL MO solution (C0 = 9.6 or 
20 mg/L) and GOTIM photocatalyst (8 or 16 mg/L, suspended) was added into a quartz beaker. A 
Xenon lamp (with intensities of 14.4 or 18.8 mW/cm2 in the effective UV range (250-387 nm)) 
was used as the irradiation light source; and an overhead stirrer was used to promote mass transfer 
in the solution. The distance between the center of the beaker and the light source was set to be 16 
cm. Before each reaction, the solution was stirred in dark for 30 min to achieve adsorption 
equilibrium. During the reaction, 2 mL sample was collected at each time interval (10 min) and 
filtered using a syringe filter (Millex PES, 0.22 μm) before UV-Vis measurement to determine the 
remaining MO concentration at the absorption peak 463 nm. Photo-degradation of MO using bare 
TiO2 nanoparticles was also conducted under the same conditions for comparison. 
6.2.5 Identifying Reaction Pathways  
To help identify and explore major reaction pathways, tert-butanol (t-BuOH, 10 mM, 
Sigma Aldrich),29, 30 catalase (500 units/mL, Sigma Aldrich),31 and ethylenediaminetetraacetic 
acid (EDTA, 4 mM, Sigma Aldrich)32 were employed as OH·, H2O2, and h+ scavengers, 
respectively. For anaerobic reactions, a capped quartz serum bottle was used instead and the 
solution was purged with N2 for 30 min before the photocatalytic reactions.  
6.2.6 Reuse/Cycling Experiments  
To evaluate recycling potential and material reuse, after each reaction cycle (beginning 
with a batch reaction as described above), specified amount of MO stock solution (C = 500 mg/L) 
was added to keep [MO]0 = 10 mg/L at the beginning of next reaction. After 5 cycles, the remaining 
GOTIM was collected using a magnet (ca. 1T neodymium, Applied Magnets) and the collection 
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efficiency was calculated from the difference between the GOTIM UV-Vis absorbance (320 nm) 
before and after the cyclic experiments. 
 
6.3 Results and Discussion 
6.3.1 Material Synthesis and Characterization  
For materials described, the desired ternary crumpled GOTIM nanocomposite requires 
precursors containing three components - graphene oxide sheets, TiO2 and magnetite together, 
either in the (original) form of pre-synthesized nanoparticles or precursor ions. The former (pre-
synthesized nanoparticle) approach was chosen not only because of commercial availability of 
nanoscale TiO2 and magnetite, but also because precursor ions can lead to incomplete growth and 
heterogeneous distribution of TiO2 and magnetite in the resulting composites.  
 
Figure 6.1 Experimental setup. Schematic diagram of a FuAR and the synthesis process. 
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Previous research highlights the key role of aqueous stability regimes (particularly 
electrostatic interactions between graphene based components) in determining the success of 
synthesis of GO-based ternary nanostructures.13   Graphene oxide is stable in water with a ζ-
potential usually being < -30 mV;33 and TiO2 can be prepared as an aqueous dispersion (Degussa). 
However, untreated/uncoated, commercial magnetite nanoparticles (Sigma Aldrich, < 50 nm) are 
not readily water-dispersible, based on high particle surface energies, preventing direct, 
homogenous atomization. Here, the aerosol-based technique was thus modified to first anchor 
magnetite nanoparticles onto GO nanosheets. By sonicating aqueous mixture of GO and magnetite 
nanoparticles, successful surface attachment of magnetite nanoparticles with GO took place, as 
shown in the TEM graph in Figure 6.1. It was observed that the commercially available magnetite 
nanoparticles were poly-dispersed, with diameter ranging from 10-50 nm, and either coupled onto 
the GO nanosheet surface or crumpled edges. Previous research reports that nanoparticles can 
interact with the GO nanosheets via various physical and chemical interactions, such as 
physisorption, electrostatic binding, and charge transfer interactions.34-37 In this work, the ζ-
potentials measured from electrophoretic light scattering show an increasing ζ-potential for GO-
magnetite dispersion (-28 mV), as compared with pure GO solution (-48 mv), indicating 
electrostatic binding may facilitate the attachment of magnetite nanoparticles (thus lessening the 
total particle surface charge). Additionally, the point of zero charge (PZC) of magnetite ~7 as 
reported in other’s work,13 also provided support for the electrostatic binding mechanism; as the 
GO solution used in this work has a pH ~3. As produced, the GO-magnetite dispersion was next 
mixed with a TiO2 aqueous suspension (varying concentration of TiO2), then atomized and finally 
delivered by N2 (flow rate 12.4 L/min) into the reactor (400 °C), producing crumpled GOTIM 
composites (Figure 6.1). 
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Figure 6.2 GOTIM with different TiO2 contents. (a-c) SEM images of GOTIM-A, GOTIM-
B and GOTIM-C as well as digital photos of corresponding dispersions in the insets (200 
mg/L). (d-f) TEM images of GOTIM-A, GOTIM-B and GOTIM-C, with corresponding 
number-based PSD from DLS in the insets. The two percentages correspond to the highest 
two peaks.(g) Raman spectra of flat GO and GOTIM-B. (h) FTIR spectrum of GOTIM-B. 
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Crumpled GOTIM nanocomposites were collected using a membrane filter (Millipore 
ISOPORE, 0.2 um) downstream of the reactor and characterized. Figure 6.2 a-f shows digital 
photos, FESEM, TEM as well as number-based, particle size distribution (PSD) of synthesized 
GOTIM with three TiO2/magnetite ratios (as calculated from inductively coupled plasma mass 
spectrometry (ICP-MS) measurements of acid digested samples, 1.8, 1.9 and 2.7; and denoted as 
GOTIM-A, B and C, respectively, hereafter). GOTIM dispersions are black, indicating GO being 
partially thermally reduced with graphene regions at 400 °C (Figure 6.2a and b insets), which has 
been observed previously.38 Quasi-spherical, core-shell (also termed sack-cargo) nanostructures 
were observed for all GOTIMs as shown in Figure 6.2a, b, and c.12  With the increase of interior 
particle volume (number/size), surface roughness was observed to decrease with visual 
identification of incorporation of TiO2 and magnetite nanoparticles, which increased with higher 
(interior) loading ratios (from Figure 6.2a to c). For GOTIM-C, which has the highest TiO2 mass 
loading, incomplete encapsulation of all TiO2 nanoparticles was observed. For this case, TiO2 
nanoparticles also aggregated on the outer surface of GO, as indicated by the white arrow in Figure 
6.2c. High TiO2 mass loading was also reflected in the gray color of GOTIM-C dispersion (Figure 
6.2c inset), compared to much darker suspensions for 2a-b. Figure 6.2d, e, and f show 
corresponding TEM images of GOTIM, with number-based PSD derived from dynamic light 
scattering (DLS) measurements in the insets. These TEM micrographs further confirmed the 
material structure as a crumpled GO shell, with TiO2 and magnetite coexisting as the core. Further 
HR-TEM analysis reveals that TiO2 nanoparticles have an orientation of anatase (101) plane; while 
magnetite nanoparticles reveal an orientation of (111) plane (Figure S6.1). In addition, XRD 
analysis of GOTIM and CGO was performed (Figure S6.2) and when compared with CGO alone, 
TiO2 and magnetite diffraction patterns were observed in GOTIM samples. It was also observed 
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from the PSD data that the peak size of the nanocomposite increased from 100-200 nm to 200-400 
nm with the encapsulation of more TiO2 nanoparticles. This demonstrates that by employing an 
improved synthesis strategy (first GO-magnetite solution, then adding TiO2 aqueous dispersion), 
instead of sonicating a pot of three components together (GO, magnetite, TiO2),
13 GOTIM 
nanocomposites of tunable size and functionality can be readily achieved. Raman analysis of 
GOTIM-B shows the two characteristic bands of GO, D band (~1350 cm-1, measuring hexagonal 
carbon pattern distortions, such as defects) and G band (~1600 cm-1, pure sp2 hybridized graphitic 
carbon). The ratio of D and G band intensities (ID/IG) for these samples remains virtually 
unchanged after aerosol (and thermal) processing (from 0.84 (flat GO) to 0.85 (GOTIM)), 
indicating an optimal balance of synthesis (crumpling) conditions while maintaining 
hydrophilicity (via surface oxidation).  CGO FTIR spectrum in Figure 6.2h indicates a mixture of 
oxygen-based functional moieties present including C-O (alkoxy), C-O (epoxy), C-O (carboxy), 
C=C (aromatic), and C=O (carboxy/carbonyl) stretches.39  
UV-Vis absorption spectra of GOTIM demonstrates a red shift with increasing TiO2 
content (e.g. ca. 20 nm shift for GOTIM-C compared to bare TiO2) and for all GOTIM materials 
described an extended absorption range was observed when compared to bare TiO2 which is due 
to the band gap narrowing of TiO2 when participating in Ti-O-C interactions.
40, 41 This red shift 
enables the more efficient utilization of the solar spectrum and has been observed previously for 
flat graphene-TiO2 nanocomposite (see S.I. Figure S6.3).
5, 18 As described, all materials had a net 
negative surface charge (ζGOTIM-A= -46.6 mV, ζGOTIM-B= -48.7 mV, ζGOTIM-C= -41.0 mV) providing 
aqueous stability.  No significant sedimentation was observed for months for GOTIM-A and 
GOTIM-B.  For GOTIM-C, which had excess TiO2 on the composite surface, partial sedimentation 
was observed after one month.  
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6.3.2 GOTIM Photocatalytic Characterization  
The mechanism of graphene enhanced TiO2 photocatalytic performance is hypothesized to 
be, in essence, the same for other carbon-TiO2 structures, such as carbon nanotubes, fullerenes and 
activated carbon. Specifically, photocatalytic enhancement for these previously studied materials 
was proposed to result from an increased light absorption range, more pollutant adsorption and 
decreased recombination of photo-induced holes and electrons.5, 18 However, how crumpled 
graphene (in contrast to 2D flat analogs) can specifically alter TiO2’s photocatalytic activity has 
not been assessed. Here we evaluated the simple photo-degradation of methyl orange, a model 
organic dye,32, 42, 43 under a Xeon lamp irradiation (14.4 mW/cm2 in the effective UV range (250-
387 nm)). A typical photo-degradation kinetic analysis, using GOTIM-B as an example material, 
is shown in Figure 6.3. Although the TiO2 mass ratio was significantly reduced (TiO2 wt./total 
wt.:12.1%) compared to pure TiO2 (100%); GOTIM-B still outperformed TiO2 under the same 
conditions. For example, after a 90 min reaction in the case of 20 mg/L MO and 16 mg/L catalysts, 
~ 41 % and ~28 % MO remained in the solution for TiO2 and GOTIM-B respectively. Consistent 
with previous reports, agreeable fitting of pseudo first order kinetic parameters suggested a pseudo 
first order reaction (R2 = 0.978-0.999) (See S.I. Table S6.1).21   
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Figure 6.3 Methyl orange concentration (C/C0) with time in the presence of GOTIM-B and 
TiO2 under Xeon lamp irradiation (light intensity = 14.4 mW/cm
2 in the 250-387 nm region) 
(□: [GOTIM] = 16 mg/L; ■: [TiO2] = 16 mg/L; ○: [GOTIM] = 8 mg/L; ●: [TiO2] = 8 mg/L). 
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Figure 6.4 Comparison of reaction rate constants of GOTIMs. [MO]0 = 20 mg/L, [Catalyst] 
= 16 mg/L; light intensity = 14.4 mW/cm2 (250-387 nm). The enhancement factors in the 
right were ones normalized by TiO2 ratios. TiO2/magnetite ratios are 1.8, 1.9 and 2.7, for 
GOTIM-A, B, and C, respectively. 
 
The reaction rate constants for TiO2 and GOTIM are further compared in Figure 6.4. The 
direct observed enhancement factor for GOTIM-A, -B, and -C are 1.1, 1.2, and 2.9, respectively, 
when compared to bare TiO2; while normalized to TiO2 mass, the enhancement reached a >20 fold 
enhancement (GOTIM-C), demonstrating (further) enhanced material photocatalytic efficacy. 
This trend is in well accordance with the TiO2/magnetite ratios (as calculated from ICP-MS results, 
1.8, 1.9 and 2.7 respectively), which implicate the key role of TiO2 in determining (and 
engineering) GOTIM photocatalytic performance. Meanwhile, crumpled graphene-TiO2 (binary 
GOTI) was found to have a 4.5 times direct enhancement in performance compared with bare TiO2 
(see S.I. Figure S6.4). Such performance enhancement is comparable to recent reports of flat 
graphene-TiO2 nanocomposites, which ranges from 2.5 to 8.5 times.
19, 20, 44 In addition, 
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experimental results also show that increased light intensity (18.8 mW/cm2 in the effective UV 
range (250-387 nm)) further enhances the photocatalytic activity in a differential manner – 
indicating that GOTIM is more sensitive to light intensity than bare TiO2 (e.g. 2.5 and 1.8 times 
enhancement for GOTIM-B and TiO2 respectively with increased light intensity) (see S.I. Figure 
S6.4). 
6.3.3 Reuse and Recovery of GOTIM   
The reuse or recyclability, measured by the photo-degradation of methyl orange for 
consecutive five cycles (tR= 60 min), was evaluated. After each cycle, specified amount of MO 
stock solution (500 mg/L) was added to maintain [MO]0 = 10 mg/L at the beginning of each cyclic 
experiment. For the first cycle, after a 60 min reaction time, 98 % methyl orange was observed to 
be degraded; and for the fifth cycle, although only 85% remaining (of initial mass) GOTIM-B 
photocatalyst participated in the reaction (due to 4% sampling loss per cycle), MO removal has 
still reached to 91 % (see S.I. Figure S6.5), indicating catalytic stability under these conditions.  
After five cycles, GOTIM-B was separated and collected from the remaining solution by using a 
handheld, neodymium magnet (Applied Magnets). For the remaining GOTIM-B photocatalyst, 
~50-60 % could be recovered with a low magnetic field, which decreased from a > 90% recovery 
rate before reaction cycling. This may be attributed to the dissolution of iron ions during the 
reaction13 (which may undergo redox based reactions in proximity with TiO2) and is currently 
being further investigated. Collected (GOTIM-B) nanoparticles did maintain aqueous 
(monomeric) stability after being redispersed into water (ζ= -30.5 mV). 
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6.3.4 Enhanced TiO2-Based Photocatalytic Reduction Pathways  
The photocatalyzed, oxidative reaction mechanisms of TiO2 have been extensively 
described in literature reports. To summarize, TiO2 as a semiconductor produces electron-hole 
pairs upon UV irradiation with energies greater than its band gap (3.2 eV) (Eqn.1).34 The photo-
induced hole-electron pairs are separated in the space-charge layer, and can lead to oxidation and 
reduction reactions, respectively, due to their strong redox potentials (valence band hole: 2.5 V vs. 
SCE and conduction band electron: -0.7 V vs. SCE).42 The photo-induced holes can then directly 
oxidize pollutant; or oxidize water to produce hydroxyl radicals (OH·), whereby indirect oxidation 
(by OH·) takes place (Eqn. 2). Interestingly, when in contact with graphene (in either binary or 
ternary structures), which exists as an electron acceptor, an overall decrease in recombination 
kinetics of separated holes and electrons has been observed, leading to increased reactions 
(availability) of holes and radicals.18 Direct oxidation by holes and indirect oxidation by formed 
radicals is widely considered to be the main (oxidation) reaction mechanism for pollutant 
degradation.18, 21  
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Figure 6.5 Evolution of UV-Vis absorption spectrum of MO with time in the presence of 
(a) TiO2 with O2; (b) GOTIM-B with O2; and (c) GOTIM-B without O2. The insets show the 
evolution of absorbance at 247 nm (MO reduced product concentration), with the highest 
absorbance for GOTIM-B (c) reaching ca. 3 times that of TiO2 (a), indicating the potential 
of GOTIM to also efficiently photocatalyze available reduction pathways. [MO]0 = 20 mg/L; 
[Catalyst] = 16 mg/L; light intensity = 18.8 mW/cm2 (250-387 nm).  
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Figure 6.6 Photo-degradation of MO in the presence of scavengers. (a) Evolution of MO 
concentration (C/C0, [MO]0 = 20 mg/L) with time in the presence of  GOTI (16 mg/L) 
with/without catalase as a H2O2 scavenger (500 units/mL). light intensity = 18.8 mW/cm
2. 
(b) Evolution of MO concentration (C/C0) with time in the presence of  GOTIM-B (16 mg/L) 
with/without t-BuOH as a hydroxyl radical scavenger (10 mM). light intensity = 14.4 
mW/cm2. (c) Evolution of absorbance at 247 nm with time in the presence of GOTI (16 
mg/L) with/without EDTA as a hole scavenger (4 mM). [MO]0 = 20 mg/L, light intensity = 
18.8 mW/cm2. 
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Compared to oxidation reactions, less attention has been given to the increase in electron 
production for such systems, which could potentially promote strong reduction reactions for TiO2-
based systems/materials. In this work, methyl orange also serves as probe for resulting reduction 
reactions based on a more positive reduction potential (-0.28 V vs. SCE) when compared with the 
conduction band electrons (-0.7 V vs. SCE).45 Here, it was observed that graphene-TiO2 has a 
significantly stronger photocatalytic reduction capacity when compared to pure TiO2. A new 
absorption peak (247 nm), characteristic of the reduced product of methyl orange - a hydrazine 
derivative,43 appears for irradiated reactions with GOTIM-B; whereas such peak was not obvious 
for bare irradiated TiO2 (Figure 6.5a and b) (Eqn. 3). This peak (or concentration of reduced 
product) was further increased by depleting O2, as shown in Figure 6.5c. Figure 6.5 insets show 
the evolution of the reduced product concentration (absorbance at 247 nm) in the first 60 min.  The 
highest absorbance for GOTIM-B (Figure 6.5c inset) reaches ca. 3 times that of TiO2 (Figure 6.5a 
inset), indicating the potential of GOTIM to also efficiently photocatalyze available reduction 
pathways (which was also evidenced by enhancement of photoreduction of CO2 using crumpled 
graphene-TiO2 photocatalyst in our another work
17). The enhancement of photocatalytic reduction 
reactions by depleting O2 suggest a competing role of O2 with MO for the photo-induced reducing 
electrons. One electron reduction of O2 into superoxide anion radical (O2
-·) has a redox potential 
of -0.57 V vs. SCE,46 which is also more positive than that of conduction band electrons (Eqn. 4). 
Similar production of O2
-· was also reported in previous research.18  
Furthermore, O2
-· directly promotes the production of other reactive oxygen species (ROS), 
such as HO2·, H2O2, and OH· (Eqns. 5-7).42, 47 To further confirm such reaction pathways for this 
system, a H2O2 scavenger, catalase, was employed,
31 which significantly slowed the reaction 
kinetics compared with no scavenger (Figure 6.6a), implicating peroxide involvement (of MO 
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degradation) directly or in generation of other ROS species (which can then react). Further 
experiments with hydroxyl radical scavenger t-BuOH (k[t-BuOH + OH·] = 5×10
8 M-1 s-1; 10 mM)  
partially suppressed the degradation of MO as well (Figure 6.6b), suggesting that ROS species 
(from peroxide degradation or water) are involved in the MO degradation pathway(s) (Eqns 2 and 
7). 
TiO2 + hv→ TiO2 + h++ e-                                                                                                                                                     (1)                                                                                                  
h+ + H2O → OH· + H+                                                                                                                                                             (2)                                                                                 
(CH3)2NC6H4N=NC6H4SO3
- + 2H++ 2e → (CH3)2NC6H4NHNHC6H4SO3-·                      (3)                              
e + O2→O2-·                                                                                                                         (4)                                                                                                  
O2
-· + H+ → HO2·                                                                                                                (5)                                                                        
HO2·+ O2-· + H+ → H2O2 + O2                                                                                            (6)                                              
H2O2 + e → OH· + OH-                                                                                                       (7)                                                         
The effect of hole scavengers on promoting reduction reactions was evaluated with EDTA 
which has strong hole scavenging capacity, reacting with holes ca. 19000 times faster than the 
recombination of holes and electrons.32 As observed in Figure 6.6c, with the addition of EDTA, 
the absorbance at 247 nm (indicating reduced product) increased considerably at an earlier time 
than without EDTA, indicating increased electron availability for MO reductions.  These results 
suggest that by controlling or scavenging holes, higher reduction performance for these materials 
can be achieved.  
Based on these results, we propose two reaction pathways for photo-induced holes and 
electrons for the described graphene-TiO2 nanocomposites (S.I. Figure S6.6). Both photocatalytic 
oxidation and reduction pathways are possible with graphene-TiO2 based photocatalysts, as 
described here for the case of methyl orange degradation. Enhanced photocatalytic oxidation 
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involves both direct oxidation by holes and indirect oxidation by multiple ROS, including OH·, 
O2
-·, and H2O2.   For these materials, reactants such as methyl orange can also compete with O2 
for the reducing electrons, which subsequently leads to (direct) reductive reactions. Such 
pathways, increasing the production (or availability) of electrons, highlights crumpled graphene-
TiO2 as also a promising effective photocatalytic reductant with potentially wide applicability.  
Further, such reduction reactions can be engineered (or shifted) through depleting O2 (or other 
electron scavengers) and adding hole scavengers, to effect recombination kinetics even further, 
thus achieving enhancement. 
 
6.4 Conclusions 
In summary, this work demonstrates the synthesis of novel ternary crumpled graphene-
based nanocomposite platform materials by utilizing pre-synthesized nanoparticles via an aerosol 
route. Results clearly demonstrate significant material enhancement of TiO2 photocatalytic 
performance that is in line (or better) with previously observed 2D graphene/graphene oxide 
composites.  Moreover, as highly water stable, aggregation-resistant 3D structures, GOTIM not 
only maintains high surface to volume ratios (monomeric) in water, but can also be magnetically 
recoverable under low magnetic fields, allowing for a number of separation strategies for 
reuse/recycling. Further, GOTIM also demonstrates significant potential for broad photocatalytic 
reduction reactions, which could greatly expand the application potentials/processes considered 
for aqueous based TiO2-carbon catalysts. 
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Chapter 6 Supporting Information 
 
Figure S6.1. HR-TEM image of as-synthesized GOTIM nanocomposites 
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Figure S6.2. XRD patterns of GOTIM and CGO 
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Figure S6.3. UV-Vis absorption spectrum of TiO2, GOTIM-A, GOTIM-B, GOTIM-C, GOTI and 
also crumpled graphene-magnetite (GOM) (20 mg/L). 
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Figure S6.4. Comparison of reaction rate constants of TiO2, GOTIM-B, and GOTI under increased 
light intensity (18.8 mW/cm2 (250-387 nm). [MO]0 = 20 mg/L, [Catalyst] = 16 mg/L.  
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Figure S6.5. Cyclic photo-degradation of MO using GOTIM-B. [MO]0 = 10 mg/L, [GOTIM-B] 
= 20 mg/L, light intensity = 18.8 mW/cm2, and tR = 60 min.
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Figure S6.6. Proposed main reaction pathways for photo-induced holes and electrons. 
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Table S6.1. Pseudo First Order Kinetics for MO Photo-degradation in the first 60 min (shadowed 
for GOTIM, blank for TiO2) 
[MO]0 
(mg/L) 
[Catalyst] 
(mg/L) 
Pseudo First Order 
Kinetics 
Rate Constant  
(min-1) 
R2 
20 16 ln(C0/C)=0.0123t 0.0123 0.999 
20 16 ln(C0/C)=0.0104t 0.0104 0.983 
20 8 ln(C0/C)=0.0092t 0.0094 0.996 
20 8 ln(C0/C)=0.0059t 0.0059 0.936 
9.6 16 ln(C0/C)=0.0374t 0.0374 0.978 
9.6 16 ln(C0/C)=0.0268t 0.0268 0.995 
9.6 8 ln(C0/C)=0.0360t 0.0301 0.980 
9.6 8 ln(C0/C)=0.0168t 0.0168 0.986 
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Chapter 7. Engineered Crumpled Graphene Oxide Nanocomposite 
Membrane Assemblies for Advanced Water Treatment Processes 
 
 
 
 
 
 
 
 
 
Reprinted with permission from Jiang, Y.; Wang, W.-N.; Liu, D.; Nie, Y.; Li, W.; Wu, J.; Zhang, 
F.; Biswas, P.; Fortner, J. D., Engineered Crumpled Graphene Oxide Nanocomposite Membrane 
Assemblies for Advanced Water Treatment Processes. Environmental Science & Technology 
2015, 49 (11), 6846-6854. Copyright 2015 American Chemical Society. 
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Abstract 
In this work, we describe multifunctional, crumpled graphene oxide (CGO) porous 
nanocomposites that are assembled as advanced, reactive water treatment membranes. Crumpled 
3D graphene oxide based materials fundamentally differ from 2D flat graphene oxide analogues 
in that they are highly aggregation and compression-resistant (i.e. π - π stacking resistant) and 
allow for the incorporation (wrapping) of other, multifunctional particles inside the 3D, composite 
structure. Here, assemblies of nanoscale, monomeric CGO with encapsulated (as a quasi core-shell 
structure) TiO2 (GOTI) and Ag (GOAg) nanoparticles, not only allow high water flux via vertically 
tortuous nanochannels (achieving water flux of 246 ± 11 L/(m2∙h∙bar) with 5.4 µm thick assembly, 
7.4 g/m2), outperforming comparable commercial ultrafiltration membranes, but also demonstrates 
excellent separation efficiencies for model organic and biological foulants. Further, 
multifunctionality is demonstrated through the in situ photocatalytic degradation of methyl orange 
(MO), as a model organic, under fast flow conditions (tres < 0.1 s); while superior antimicrobial 
properties, evaluated with GOAg, were observed for both biofilm (contact) and suspended growth 
scenarios (> 3 log effective removal, Escherichia coli). This is the first demonstration of 3D, 
crumpled graphene oxide based nanocomposite structures applied specifically as (re)active 
membrane assemblies and highlights the material’s platform potential for a truly tailored approach 
for next generation water treatment and separation technologies. 
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7.1 Introduction 
In line with the rapid expansion and application of material science and nanoscale 
engineering over the last three decades, water treatment technologies have experienced significant 
material-based advancements. Such technologies include, among others, engineered 
photocatalysts for the degradation of pollutants and inactivation of pathogens, as well as advanced 
membranes for physical and chemical separations.1, 2 More recently, treatment technologies 
incorporating engineered carbon nanomaterials, such as graphene (oxide), carbon nanotubes 
(CNTs) and fullerenes, have demonstrated superior and even unique physical and chemical 
properties compared to traditional analogues.2 In particular, graphene (oxide) holds considerable 
potential for broad use in a variety of water treatment applications, including sorption,3, 4 
separation,5 antimicrobial,6 and catalysis.7, 8 Recent progress in crumpling graphene (oxide) into 
3D structures has made this end-point even more attractive,9-11 as 3D crumpled graphene gives rise 
to aggregation- and compression-resistant material properties, while maintaining the high specific 
surface area and electronic properties of the 2D flat material analogues.12, 13  
Traditional water treatment membranes manufactured from polymeric materials are designed 
either as a size-selective sieve or a dense physical barrier, permitting the transport of solutes based 
on size or differences in diffusion/deposition rates.14 Membrane design has typically been 
optimized to balance water permeability with separation specificity, including pathogens, 
molecules and ionic retentates. In contrast to conventional, passive membrane technologies, 
(re)active membranes are designed and engineered to promote simultaneous filtration and 
pathogen inactivation/pollutant destruction.14, 15 Such strategies usually incorporate functional 
materials into/onto traditional membranes, including Ag15-17 and carbon nanomaterials18, 19 for 
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pathogen inactivation, and zero valent iron,20 iron ions (Fe2+)14 and TiO2
21 for pollutant 
transformation/destruction.  
Engineered graphene and graphene oxide have demonstrated significant potential for 
ultrathin, ultrafast, and yet precise sieving membranes for gas and (aqueous) ions.5,22-24 Further, 
graphene / graphene oxide potential as a reaction platform (large specific surface area and 
outstanding electronic properties), particularly for catalysis, has also been broadly described in 
numerous reports.7, 11, 25 Recent observations of intrinsic antimicrobial material properties further 
highlight graphene based materials potential for (antimicrobial/fouling-resistant) water treatment 
membranes.19, 26-29  Previously described (flat) GO membranes have shown ca. 4-10 times higher 
flux than that of commercial nanofiltration membranes,30 while also demonstrating inactivation of 
65% Escherichia coli (E. coli) after 1 h surface contact.19  
Compared to flat GO, crumpled GO (CGO) nanostructures, which are structurally 3D as 
demonstrated in our previous work,10, 11, 31 allow for facile, controlled encapsulation of functional 
nanoparticles (within the CGO structure) while remaining intrinsically porous. As a function of 
synthesis conditions, CGO structures have inherent physical defects (vacancies/holes), with high 
ridges and low valleys, readily forming nanoscale channels for potential fast water transport and 
permeation. Meanwhile, CGO nanocomposites containing functional nanoparticles (e.g., nTiO2 
and nAg) allow for the rational design of system reactivities (e.g. surface chemistry, photo-
reactivity, antimicrobial activity, etc.) for targeted application(s).  
In this work, functional CGO nanocomposites as thin film, membrane assemblies are 
demonstrated to be superhydrophilic, selective at the nanoscale, (photo)reactive and highly 
antimicrobial. CGO based membranes, with abundant hydrophilic functional groups (such as -OH 
and -COOH groups) show high water permeability (246 ± 11 L/(m2∙h∙bar)) (with deposited mass 
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of 7.4 g/m2), outperforming most commercial ultrafiltration membranes with similar rejection 
performance. Filtration experiments and characterization results indicate assembled CGO 
membranes have an average effective pore size less than 10 nm, making it suitable to remove 
macromolecular organic, colloidal and biological constituents, through size exclusion, depth 
filtration and possible surface charge based mechanisms. Further, membrane surface layers 
composed of GOAg showed complete (> 99.9%) inactivation of E. coli, not only on the membrane 
surface, but also in the aqueous bulk phase, at a significantly higher level than pristine CGO/GO 
surfaces and controls. For GOTI based membrane assemblies, photo-reactivity (in terms of methyl 
orange (MO) degradation), was demonstrated even under fast flow (tres < 0.1 s) and low intensity 
UV LED light irradiation conditions, achieving enhancement in both average flux and removal 
rate of a model organic (MO). This is the first demonstration of CGO composite structures applied 
as advanced membrane assemblies, and highlights the material’s platform potential for a truly 
tailored approach for next generation water treatment and separation technologies.  
 
7.2 Materials and Methods 
7.2.1 CGO Nanocomposites Synthesis 
GO was synthesized using the modified Hummer’s method32 as reported in our previous 
work.10 An aerosol method, which utilizes rapid water evaporation-induced confinement force to 
crumple GO and encapsulate nanoparticles (NPs), was used to obtain CGO nanocomposites. 
Briefly, TiO2 (Evonik Degussa Aerodisp 740X) or Ag (Sigma Aldrich) NPs and GO precursor 
mixture (with certain weight ratios) was sprayed into µm-sized water droplets and carried by N2 
into a tube furnace maintained at 400 °C. During the flight in the furnace, GO became crumpled 
under the evaporation-induced confinement force (and partially thermally reduced), and 
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effectively encapsulated TiO2 or Ag NPs, forming robust core-shell nanostructures.
11 As formed, 
nanocomposites were collected downstream of the reactor using a membrane filter (Millipore), 
weighed and dispersed into water to obtain 200 mg/L dispersion (experimental details in 
Supporting Information). 
7.2.2 CGO Nanocomposite Characterization 
The ζ-potential and hydrodynamic diameter of aqueous CGO nanocomposites were 
measured using a Zetasizer Nano ZS (Malvern Instruments). The morphology and size were 
examined by field emission scanning electron microscopy (FESEM, NOVA NanoSEM 230) and 
transmission electron microscopy (TEM, Tecnai TM Spirit). To quantify metal compositions, 
CGO nanocomposites were digested in concentrated HNO3 and HCl (v:v = 3:1) at 100 °C for 10 
h. The resulted solution was then filtered (TISCH, PES 20 nm) and diluted properly for inductively 
coupled plasma mass spectrometry (ICP-MS, Agilent 7500cc) analysis. CGO functionality and C-
C bonding were investigated by Fourier transform infrared spectroscopy (FTIR, Nicolette Nexus 
470) and Raman scattering (Renishaw InVia Reflex confocal Raman spectrometer with a 514 nm 
laser). 
7.2.3 Membrane Fabrication 
To enhance CGO assembly stability as a membrane, polyallylamine (PAA, Sigma Aldrich, 
Mw ~ 12000, 20 wt. % in H2O, ρ =1.02 g/mL) was employed to cross-link CGO nanocomposites.33 
CGO nanocomposites (in 200 mg/L aqueous dispersion) and PAA mixture (6 mg CGO/150 µL 
PAA, 12 mg CGO/300 µL PAA, and 20 mg CGO/500 µL PAA) were sonicated for 3 h before 
being vacuum filtered onto a polyethersulfone (PES) support membrane (Sterlitech, nominal pore 
size 20 nm as provided by the manufacture, the observed pore size examined by SEM is described 
later) at a low flow rate (~0.3 mL/min). Membranes deposited with GOTI (6 mg) and GOAg (3 
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mg) nanocomposites were investigated for their photo-reactivity and antimicrobial properties, 
respectively, as described in the following sections, with blank PES membranes used as a control. 
The PES membrane was also soaked in 1% PAA aqueous solution for 3 h before the deposition. 
The final membrane assembly was then air-dried and used in subsequent characterization and 
performance evaluation experiments. 
7.2.4 Membrane Characterization 
Membrane surface morphology was investigated by FESEM (NOVA NanoSEM 230). 
Before imaging, membranes were spin-coated with gold for 60 s (Headway PWM32-PS-CB15PL). 
Membrane surface roughness was studied using an atomic force microscopy (AFM, Veeco 
NanoMan) in a tapping mode (spring constant of 40 N/m, resonance frequency of 325 kHz, tip 
radius of 8 nm, and a cantilever dimension of 125(L)× 30(W)× 4(H) µm). In addition, the PES 
support membrane and cross-linked CGO surface layer were also studied using FTIR and Raman 
spectroscopy (Renishaw inVia). Membrane surface hydrophilicity was studied by measuring water 
contact angle using a sessile drop method (VCA-2500 XE, AST products).  
7.2.5 Membrane Permeability and Rejection Test 
Permeability experiments were conducted for the as-synthesized membrane coupons under 
a direct flow and constant pressure dead-end filtration mode, while directly measuring the 
permeated water flux. Solutions in the storage tank (Millipore Amicon 8050) were pressurized by 
N2 at 1 bar and connected to the filter holder (47 mm, Pall Life Science) which assembled 
membranes were placed into. Permeate was measured over time (thus flux) by an integrated 
electronic balance (Mettler Toledo ML1502E) with data automatically logged at 30 s intervals. 
Membrane rejection properties were evaluated by filtering two model contaminants, methyl orange 
(MO, 7.5 mg/L, Mw= 327.3 Da, Sigma Aldrich) and bovine serum albumin (BSA, 10 mg/L, Mw 
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=~ 66.5 kDa, Sigma Aldrich) as done by others.34 The concentrations of MO and BSA were 
analyzed using a UV-vis spectrophotometer (Varian Bio 50) at wavelengths of 463 and 220 nm, 
respectively. The rejection rate R equals, 
𝑅 = (1 −
𝐶𝑃
𝐶𝐹
) ×100% 
whereby CP and CF are the concentrations in the permeate and feed water, respectively. 
7.2.6 Membrane Antimicrobial Activity Test 
To evaluate release of Ag+, GOAg membranes were placed in 25 mL water and mildly 
shaked at a rate of 60 min-1. Each 24 h, the water was replaced by fresh MilliQ water. The replaced 
water was acidified by HNO3 and analyzed by ICP-MS to determine Ag
+ concentration.  
The membrane antimicrobial activity was evaluated regarding bacterial inactivation using 
a standard plate counting method.19, 35 Briefly, 400 µL E. coli K12 (ATCC 700926) suspension 
(107 CFU/mL) was contacted with the active side of membrane surface (4.3 cm2) for 2 h at room 
temperature. After 2 h, the upper suspension was sampled (bulk phase) and then removed, and the 
membrane coupons were then washed with a 0.9% sterile saline solution. To measure E. coli 
viability on the surface (direct contact), the membrane coupons were then bath sonicated mildly 
for 7 min to remove the bacteria from the membrane surface according to a protocol reported 
previously.15, 19 For all, resulting suspensions were spread onto LB agar plates (10 g/L bacto-
tryptone, 5 g/L yeast extract, 10 g/L NaCl, 15 g/L agar) and incubated overnight at 37 °C before 
counting. 
The ability of E. coli to grow in the presence of GOAg in a batch, suspended system, was 
studied in a minimal media (minimal Davis media with 10% of the recommended potassium 
phosphate) with glucose as the carbon and electron source (1 g/L).36 Cell growth (107 #/mL, in the 
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presence of 0, 0.4, 4, 10 mg/L GOAg) was monitored for 24 h by measuring absorbance at 600 nm 
continuously (OD600) on an Infinite F200PRO (TECAN) plate reader.  
7.2.7 Membrane Photo-reactivity Test 
Photo-reactivity of GOTI membrane assemblies was evaluated by degradation of MO in 
both flow-through and batch modes. For flow-through evaluation, a customized filter holder 
modified with 10 UV LED lights (NSPU510CS, Nichia Corp., with peak wavelength 375 nm and 
operated at 3.6 V) was used. 180 mL 7.5 mg/L MO was filtered under 0.28 bar (4 psi) both with 
and without UV irradiation. The MO concentration in the outflow tank was monitored constantly, 
and the total flux / time was recorded. For batch mode, as-described membrane assemblies were 
placed into a quartz reactor and irradiated with UV light irradiation, which is centered at 351 nm 
at an intensity of 900 µw/cm2 over described time (details in Supporting Information Figure S7.2).  
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7.3 Results and Discussion 
7.3.1 CGO Nanocomposites Synthesis and Characterization 
 
 
 
Figure 7.1 (a) FTIR spectra of GOTI and the membrane surface; (b) Raman spectra of flat 
GO, GOTI and membrane surface layer; (c) SEM image of GOTI; (d) SEM image of GOAg; 
(e) TEM image of GOTI; (f) TEM image of GOAg. 
 
As key assembly components for described membrane assemblies, CGO nanocomposites 
were synthesized using a facile aerosol process (details in Supporting Information, Figure S7.1).10, 
11, 31 Fine water droplets of precursors containing GO and functional nanoparticles are carried by 
N2 into a tube furnace, in which GO effectively crumples under the induced confinement force of 
rapid water evaporation, which subsequently encapsulates GO surface associated nanoparticles. 
Here, two specific CGO nanocomposites, namely GOAg (antimicrobial), GOTI (photo-reactive), 
were synthesized and characterized. As synthesized, CGO nanocomposites have relatively high 
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negative surface charges (GOTI: -51.5 ± 0.6 mV; GOAg: -42.5 ± 1.1 mV), indicating abundant 
hydrophilic oxygenated groups on the surface, which accounts for high monomeric aqueous 
stability. FTIR analysis (Figure 7.1(a)) indicates the presence of C-O (alkoxy), C-O (epoxy), C-O 
(carboxy), C=C (aromatic), and also C=O (carboxy/carbonyl) stretching.30, 33 Raman analysis of 
the GOTI nanocomposites (Figure 7.1(b)) shows the two classic characteristic scattering bands for 
GO with a D band at ~1340 cm-1 and G band at ~1600 cm-1.37 The D band is associated with the 
distortion from the hexagonal lattice (such as sp3 type defect); whereas the G band corresponds to 
pure sp2 hybridized graphitic carbon.38 Flat GO, used as the starting material and produced from 
the modified Hummers method32 (via harsh oxidation of graphite), has significant oxygen-based 
functionality resulting in a D peak that is negligible for pure graphite/graphene.37 To maintain 
hydrophilicity while achieving desired physical crumpling, a furnace temperature at 400 °C was 
intentionally selected based on previous reports.10, 11 The ratio between intensities of D band and 
G band (ID/IG), was slightly increased from 0.86 (flat GO) to 0.91 (GOTI), indicating graphene 
regions (sp2 sites) are partially restored within the so-called stage 2 defect regime (high defect 
density regime).38 During thermal reduction of GO, physical defects are induced by loss of 
hydroxyl and epoxy groups, including vacancies created by loss of connected carbon atoms and 
even larger physical holes with dimensions ranging from sub-nm to a few nm.39, 40 Further, 
evaporation-induced capillary force can also facilitate the formation of such vacancies\holes at the 
ridges (valleys) where stress is concentrated, thus providing additional (flow) channels. The 
abundance of oxygen-based functional groups coincides with the negative ζ-potential, and 
provides enhanced surface/pore hydrophilicity upon membrane assembly. Dynamic light 
scattering (DLS) size measurements show that average hydrodynamic sizes of GOTI and GOAg 
were 200 ± 1 nm, and 207 ± 1 nm respectively (Supporting Information Figure S7.3), which is 
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also confirmed by FESEM and TEM measurements. TEM and SEM graphs of GOTI and GOAg 
in Figure 7.1(c-f) show a clear core-shell nanostructure, with crumpled GO comprising the outer 
shell and TiO2/Ag nanoparticles as part of the inner core. Such a core-shell structure enables not 
only reactivity by contained nanoparticles inside (and in few cases across the GO surface), but also 
maintains large contact surface area (ridges and valleys, creating intraparticle pores) along with 
high surface hydrophilicity – both of which are critical for fast water transport (flux) and high 
rejection performance regimes.  
 
 
Figure 7.2 Schematic diagram of CGO membrane (left) and reaction (cross-linking) 
mechanism between CGO and PAA (right). 
 
7.3.2 Membrane Synthesis and Characterization 
Previously, multiwall and single wall carbon nanotubes have been directly deposited onto 
a membrane support via vacuum filtration for system enhancement and expansion of surface 
functionality. However, such structures lack stability, particularly under cross-flow conditions.18, 
41, 42 Here, stability issues were minimized, while tuning assembly pore sizes by using 
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polyallylamine (PAA) to chemically cross-link CGO nanocomposites. PAA has been reported 
previously to modify/stabilize and improve water treatment membranes.43, 44 For example, together 
with polyacrylic acid, through the formation of polyelectrolyte multilayers (using a layer-by-layer 
approach), PAA functionalized polysulfone microfiltration membranes have been demonstrated 
and show considerably enhanced antifouling (bacterial anti-adhesive) properties when compared 
to unmodified surfaces.44 Here, reactive amine groups on the long alkyl chain readily react with 
oxygen functional groups on the CGO surface, creating new C-N bonds, leading to broad chemical 
cross-linking, as shown by the scheme in Figure 7.2.33 Upon assembly onto a commercial 
hydrophilic PES support membrane (Sterlitech, with heterogeneous pore size distribution, 
observed from 80 nm to 1 µm, as shown in the SEM image, Figure 7.3e), cross-linked CGO 
membrane showed considerably enhanced stability compared to unmodified deposits (e.g., no 
monomeric detachment nor surface fissures observed after sonication).  
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Figure 7.3 Characterization of GOTI membrane: (a) digital photo; (b) AFM 3D surface 
image; (c) SEM cross-sectional view (low magnification); (d) SEM cross-sectional view 
(high magnification); (e) SEM top view of blank PES support; (f) SEM top view of GOTI 
membrane surface. 
 
A representative GOTI membrane with deposited mass of 6 mg (CGO) was characterized 
by FTIR, Raman spectroscopy, AFM, SEM, and water contact angle analysis (In addition, a 3 mg 
GOAg membrane was characterized, with no significant difference found as shown in Figure 
S7.4). In addition to previously identified oxygen functionality,33 FTIR spectrum of the membrane 
surface shows new absorbance at ~1500 cm-1, which corresponds to formation of C-N bonds, 
indicating successful cross-linking (Figure 7.1(a)), as a result of the reaction between 
epoxy/carboxyl and amine groups.33, 45 C-N based cross-linking was also indirectly supported by 
decreasing of C-O (epoxy), C=O and C-O (carboxyl) stretching (relative) ratios (Figure 7.1(a)). 
Deposited, cross-linked CGO membrane assemblies appear black, typical of CGO nanocomposite, 
as shown in Figure 7.3(a). The membrane surface reveals peak-valley morphology, observed by 
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both AFM and SEM measurements (Figure 7.3(b) and (f)). The average surface roughness (Ra, 
deviation in height) and root mean square roughness (Rq, the standard deviation of surface heights) 
were determined to be 52.4 ± 5.8 nm and 66.2 ± 10.4 nm respectively through AFM analysis, 
which is smaller than previously reported flat GO-impregnated membranes.34 In general, smoother 
surfaces have been shown to result in higher anti-fouling properties.46 Figure 7.3(c), (d) and (f) 
shows the cross-sectional and top views of the membrane. A functional layer consisting of cross-
linked GOTI nanocomposites was clearly observed on top of the PES support (Figure 7.3(c-f)). In 
this case, 6 mg deposited mass corresponds to 5.4 µm depth, which is a 5.1% increase (total) in 
thickness compared to the unmodified PES support (106 µm in thickness as measured by SEM). 
Quasi-spherical GOTI nanocomposites can be observed stacked tightly, with intrinsic pores 
formed between particles (Figure 7.3(f)). ImageJ analysis of surface SEM images (×80000 
magnification) indicates that rough surface pore sizes are 22.1 ± 14.9 nm. Water contact angle 
measurements revealed very fast uptake and spread of droplet, indicative of a superhydrophilic 
surface. 
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7.3.3 CGO Membrane Performance  
 
 
Figure 7.4 CGO membrane performance: (a) water flux with different deposited GOTI 
mass; (b) rejection of MO and BSA with different deposited GOTI mass (6-20 mg). The 
inset shows the negatively liner relationship of MO permeate concentration (Ln(C/C0)) and 
deposited mass. The rejection tests are conducted with 7.5 mg/L MO and 10 mg/L BSA 
respectively. 
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Pure water flux measurements of CGO membranes with different deposited CGO masses 
(thickness) are shown in Figure 7.4(a). Background water flux through the PES support was 
measured to be 5872 ± 95 L/(m2∙h∙bar).  Upon the additional layer (atop the PES support) of cross-
linked GOTI nanocomposites (6 mg, ~5.4 µm in thickness), water flux of 246 ± 11 L/(m2∙h∙bar) 
was measured, indicating the decrease in effective pore size. Unlike coating with flat GO 
nanosheets, whereby water flux does not decrease monotonically as deposition mass increases,30 
flux for these assemblies decreases further to 152 ± 14 L/(m2∙h∙bar) with a 20 mg GOTI assembly. 
Such an inverse relationship between permeability and layer depth (mass) is similar to trends 
observed in previous CNT filters studies,18 and agrees with the classical Kozeny-Carman equation 
for flow through porous filters.47 In addition, no statistical difference was found for GOTI and 
GOAg membranes on permeation performance. For example, the pure water flux was 453.5 ± 30.8 
and 396.1 ± 58.4 L/(m2∙h∙bar) for GOTI and GOAg membrane of 3 mg deposition respectively. 
Generally, water flux exceeded that of most commercial ultrafiltration membranes, which typically 
ranges from several L/(m2∙h∙bar) (Molecular weight cut-off (MWCO): a few thousand Da) to ~150 
L/(m2∙h∙bar) (MWCO: 100,000 Da) (e.g., GE Osmonics, TriSep, the flux was calculated using 
parameters provided by manufacturers). We hypothesize that such high flux can be attributed not 
only to the CGO hydrophilicity but also to the porous nature of CGO (intraparticle) structures 
themselves. Water molecules may transport through vertically tortuous nanochannels formed by 
pores between CGO nanocomposites in addition to through intrinsic physical defects 
(vacancies\holes) of CGO, which are formed during thermal reduction and crumpling as described 
above. Porosity analysis for this membrane using the Kozeny-Carman equation (using measured 
flux and pressure data and assuming a common tortuosity of 2.5 for ultrafiltration membranes) had 
a value of 0.21, and estimation based on material (i.e. volume) balance gave a value of 0.33 
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(Supporting Information). An ‘open’ CGO structure is also supported by the evolution of dissolved 
Ag+ out of GOAg nanocomposites as discussed below.  
The separation performance of the CGO membranes was evaluated by filtration of a model 
organic dye, methyl orange (MO, 327 Da) and a widely studied protein, bovine serum albumin 
(BSA, ~ 66.5 kDa). As seen in Figure 7.4(b), the PES support membrane rejects less than 10% of 
both MO and BSA. In contrast, a cross-linked, 6 mg GOTI assembly on the PES support enhanced 
rejection (retention) of MO and BSA to 26% and 83%, respectively. When the CGO deposition 
mass further increases, rejection of MO and BSA shows different trends, indicative of different 
filtration mechanisms (at 95% confidence interval, statistically different removal rates of MO are 
26.4±1.5%, 31.2±0.8%, and 38.3±0.3% for 6, 12, and 20 mg depositions, respectively; for BSA, 
the rejection percentages are not statistically different for 6, 12, and 20 mg depositions at 
82.6±5.9%, 91.0±5.7%, and 87.6±4.2%, respectively). As smaller molecules like MO have high 
diffusion velocities, significant deposition can occur on the CGO surface. As expected from depth 
filtration theory, the logarithm of the normalized permeate concentration (Ln(C/C0)) is negatively 
proportional to the layer depth (mass), as shown in Figure 7.4(b) inset.18, 48 However, this was not 
observed for BSA rejection. No increase of rejection efficiency is observed with thicker layers, 
thus revealing a size exclusion mechanism. Previous studies also report that surface/pore charge 
effects can play a significant role in the rejection mechanism(s) of GO membranes.30 BSA has a 
point of zero charge at pH 5,49 and was found to be negatively charged for these studies (measured 
by electrophoretic light scattering, pH: ~6.3). As CGO membrane is also negatively charged, it is 
possible that surface charge may play a role in these systems, which is being further investigated.  
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7.3.4 Antimicrobial Membrane Activity  
 
 
 
Figure 7.5 (a) Comparison of CFU after E. coli contacting with membrane surface (column) 
and in the bulk phase (inset picture). (b) Ag+ released from GOAg membrane in batch mode. 
Deposited mass = 3 mg; pure water was changed every 24 h. (Vwater = 25 mL). The inset 
shows the remaining percentage mass of Ag with time. 
 
It has been reported that inactivation of bacteria by GO is due to induced cell membrane 
damage, as a result of physical disruption,27 formation of reactive oxygen species,28 and extraction 
of phospholipids from cell membrane.29 In this work, antimicrobial properties of CGO membrane 
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assemblies were evaluated according to protocols previously reported.19  E. coli dispersion (in 
0.9% saline) was placed in contact with the active (deposited) side of the membrane, and after 2 h 
surface contact, the remaining viable E. coli population was compared to that contacted with blank 
PES. Compared to the control (PES support only) surface, it was found that only 3% of viable E. 
coli remains on pristine CGO assembly surface after 2 h of contact time (Figure 7.5(a)), which is 
a ca. 33% increase in effectiveness compared to previous studies on flat GO functionalization.19 
This observation may be due to a longer contact time compared to the previous study (2 h 
compared to 1 h).26, 50 GOAg membrane assemblies exhibit even higher effective E. coli 
inactivation properties, with a > 3 log removal, again when compared to the PES support control. 
In addition, Figure 7.5(a) shows the direct comparison of E. coli CFU plated from aqueous bulk 
phase above CGO and GOAg membrane surface. Due to Ag+ release and diffusion, complete E. 
coli inactivation is achieved, based on our detection limits, (Figure 7.5(a) inset right) in contrast 
to growth on the CGO membrane (Figure 7.5(a) inset left). This observation agrees with batch 
inhibition studies (Figure S7.5), which show that GOAg (as a suspended particle) can effectively 
inhibit E. coli growth at low concentrations (at or below 0.4 mg/L). 
Enhanced microbial inactivation efficacy is attributed to the additional effects of Ag+ 
release from encapsulated Ag NPs within GOAg assemblies. Figure 7.5(b) shows the release 
(rates) of Ag+ into 25 mL water from 3 mg GOAg deposited membrane (18.9 wt. % silver). The 
accumulated Ag+ concentration after 24 h immersion decreases gradually from 479 ± 54 ppb in 
day 1 to 389 ± 5 ppb in day 12. The measured day 1 release is smaller than that of day 2, due to 
initial adsorption of released Ag+ onto CGO surface (strong electrostatic interaction between Ag+ 
and negatively charged oxygen-based functional groups), similar to other cations (e.g., Cd2+ and 
Co2+) sorption onto GO.51 It is noteworthy that after 12 days, ca. 75% of the preloaded Ag (as nAg) 
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remained (undissolved) in the system (as shown in Figure 7.5(b) inset). Considering the very short 
residence time in the flow-through mode (tres < 0.1 s), effective duration can be even longer. 
Eventually, the complete dissolution of Ag will lead to the diminishment of enhanced 
antimicrobial activity; to address this, an in situ regeneration strategy is being explored and will 
be the focus of future reports. 
7.3.5 Photocatalytic Activity 
 
 
Figure 7.6 Simultaneous filtration and reaction of MO with GOTI membranes: (a) 
customized filter holder with 10 UV LED lights; (b) MO concentration (outflow tank 
concentration over inflow concentration C/C0) changes with filtered solution volume 
(V/Vtotal, Vtotal = 180 mL) with/without UV light irradiation. (c) Comparison of average 
fluxes and total MO removal rates with/without UV light irradiation. 
 
 208 
 
Compared to TiO2 alone, monomeric GOTI nanocomposites were observed to have 
enhanced photocatalytic properties due to the production of both holes (h+) and radicals (H2O2, O
2-
·, OH·), as reported in our recent work.11 The photo-reactivity of GOTI as a membrane was 
evaluated here by degradation of MO in both batch and flow-through modes. For all systems 
evaluated, MO does not degrade under irradiated conditions alone (i.e. without GOTI).  In a batch 
mode, the heterogeneous reaction of MO on the membrane surface resulted a reaction rate constant 
of 0.0061 min-1 (fitted as pseudo first-order reaction), which was on the same order magnitude for 
methylene blue degradation for a GO-TiO2 membrane,
21 but lower than that of monomeric 
(suspended) GOTI nanocomposites as we previously described (0.0838 min-1) (Figure S7.6).11 
Such difference can be attributed to available surface area and irradiation conditions (0.9 mW/cm2 
centered at 351 nm vs. 14.4 mW/cm2 in the range between 250 and 387 nm for previous batch 
evaluations11), as irradiation light intensity, for similar systems, typically has a nonlinear power 
law relationship with reaction rates.52 Building on batch observations, we evaluated the potential 
for GOTI as a photoreactive membrane assembly in flow-through mode. Taking advantage of high 
efficiency, long lifetime, and compact design, a customized, waterproof filter holder modified with 
10 UV LED lights was built for flow-through evaluations (Figure 7.6(a)). Figure 7.6(b) shows the 
evolution of MO concentration in the outflow, as a function of filtration volume, under UV (light) 
/ no UV (dark) scenarios. Under dark conditions, the outflow initially appears clear indicating 
sorption of MO onto/into CGO. As typical for depth filtration, the outflow concentration gradually 
increases in-line with CGO MO saturation. The evolution of MO concentration under UV 
irradiation shows a similar trend, however, at lower concentration levels, which can be attributed 
to simultaneous photo-degradation of MO. Further, under UV irradiation the observed flux rate 
increased, from 175 ± 10 (dark) to 198 ± 5 L/(m2∙h∙bar). Effective removal due to photo-
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degradation (the difference between two outflow concentrations under UV and dark conditions) 
decreased from >15% at the beginning to ~6% at the end of 180 mL solution (Figure 7.6 (b) and 
(c)), showing that intermediates produced may potentially ‘foul’ the membrane and hinder 
reactivity. It should be noted that this, to our knowledge, is the first demonstration of membrane 
photo-reactivity under fast flow (tres = ~0.07- 0.08 s) using low-intensity, UV LED light irradiation.  
Future systems can be optimized/tailored via light irradiation conditions (e.g., wavelength, 
intensity), flow parameters, and reactor design to achieve target (reactive and separatory) 
performance regimes. 
7.4 Environmental Applications 
Taken together, this study clearly demonstrates potential applicability of CGO 
nanocomposites as a platform material for application in highly water permeable, selective and 
reactive (photo-reactive and antimicrobial) membrane assemblies. CGO based membrane 
assemblies have unique and inherent advantages over flat GO membranes, such as tailorable 
porosity and flow patterns within the assembly, in addition to simultaneous and tunable filtration 
and reactivity properties. The synthesis of functional CGO nanocomposites can be achieved via a 
relatively simple, fast, and continuous gas phase process, which utilizes GO, which can now be 
readily made available via oxidation and exfoliation from commercial graphite and commercially 
available functional nanomaterials, providing technical feasibility and for potential scale up. 
Further, broad functional possibilities (in addition to GOTI and GOAg composites) underpin a 
wide range of potential tailored CGO material applications for advanced water treatment 
technologies beyond what is demonstrated in this work. 
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Chapter 7 Supporting Information 
S7.1. Experimental 
CGO Nanocomposite Synthesis. Graphene oxide (GO) was synthesized using the modified 
Hummers method1 and was reported in our previous work.2 To synthesize GOTI nanocomposite, 
26.2 uL TiO2 dispersion (Evonik Degussa Aerodisp 740X) was added into 200 mL GO solution 
(~0.1 mg/mL) and sonicated mildly for 15 min before spray. Similarly, to obtain GOAg 
nanocomposite, 164 uL Ag NP dispersion (10 wt.% in ethylene glycol, < 100 nm, Sigma Aldrich) 
was added into 200 mL GO.  
 
Figure S7.1. Scheme diagram of a FuAR 
 
      The aerosol synthesis process utilizes a furnace aerosol reactor (FuAR), which has been 
described before in our previous work (as shown in Figure S7.1).2-4  Briefly, the precursor was 
initially atomized into micrometer-sized droplets by using a Collison nebulizer (BGI 
Incorporated). These water droplets containing GO and nanoparticles were subsequently delivered 
by N2 into the tubular alumina reactor (1 m × 25 mm ID) maintained at 400 °C, to enable the 
successful crumpling of GO, yet partially preserve the functional groups, such as carboxyl and 
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hydroxyl groups that are critical for nanocomposite stability in water due to electrostatic 
repulsion.2 The flow rate was operated at 12.4 L/min (nebulizer pressure 14 psi (96.53 kPa)), 
resulting in ~1.6 s residence time. During the flight in the furnace, GO became crumpled under the 
evaporation-induced confinement force, and could effectively encapsulate nanoparticles dispersed 
in the precursor solution.5 Finally, the nanocomposites were collected downstream of the reactor 
using a membrane filter (Millipore), weighed and dispersed into water to obtain 200 mg/L 
dispersion. 
Photocatalytic Activity Evaluation 
Flow-through mode. A customized filter holder modified with 10 UV LED lights (NSPU510CS, 
Nichia Corp., with peak wavelength 375 nm and operated at 3.6 V) was utilized. 180 mL 7.5 mg/L 
MO was filtered under 0.28 bar (4 psi) both with and without turning UV light on. The MO 
concentration in the outflow tank was monitored constantly by UV-vis spectroscopy (at peak 463 
nm), and the total dispensing time was recorded. 
 
Figure S7.2. The photocatalytic degradation experimental setup-batch mode (Left: scheme; Right: 
photo) 
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Batch mode. A quartz beaker was used as the reactor and a customized UV reactor was applied to 
provide UV light irradiation, which is centered at 351 nm and with an intensity of 900 uw/cm2 
(Figure S7.2). 70 mL 7.5 mg/L MO was added into the beaker with GOTI membrane. In the first 
30 min, the sets were kept in dark to achieve adsorption equilibrium. Then the UV was turned on. 
The solution was sampled at each 30 min and measured by UV-Vis. The MO concentration was 
determined by the absorbance at 463 nm. Blank PES membrane, and pure MO solution were 
irradiated at the same time as controls. 
 
S7.2. Results and Discussion 
 
Figure S7.3. Hydrodynamic size distribution of GOTI and GOAg measured by DLS 
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Figure S7.4. Characterization of GOAg membrane (with 3 mg GOAg deposition): (a) digital 
photo; (b) AFM 3D surface image (with mean roughness Ra = 75.3 ± 1.5 nm, Rq = 95.0 ± 0.4 nm); 
(c) SEM top view (with Ag NP visible and pointed out by the white arrow, due to its larger particle 
size compared to TiO2 NPs); (d) SEM cross-sectional view, with 3 mg corresponding to a thickness 
of ~2.4 µm.  
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Figure S7.5.  E. coli growth in minimal Davis media with the presence of GOAg (0-10 mg/L). 
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Photodegradation Batch Experimental Results. The batch experimental results clearly shows 
initial adsorption of Methyl Orange (MO) by GOTI membrane nearly approached 40% of the total 
MO in the solution (Figure S7.5). Then, with UV light irradiation, MO concentration with GOTI 
membrane presence began to decrease gradually. After 3 h UV reaction, about 35% still remains 
in the solution; while for other two cases (PES support/pure MO solution), the concentration did 
not decrease. In addition, light intensity has a significant impact on the photocatalytic degradation 
of MO. When light intensity decreased from 900 uW/cm2 to 520 uW/cm2, the pseudo first-order 
reaction rate constant also decreased from 0.0061 min-1 to 0.0036 min-1.  
 
 
Figure S7.6. Photodegradation of MO using GOTI membrane in a batch mode 
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Flow through ultrafiltration membrane by Kozeny-Carman equation. The Kozeny-Carman 
equation describes the relation between pressure drop and flux of a fluid flowing through a porous 
filter,6 which is given as: 
∆𝑃
ℎ
= 𝐽 ∗
72𝜇𝜏
𝐷𝑃
2
(1 − 𝜀)2
𝜀3
 
where ∆P is the pressure drop, h is the total height of the filter, J is the flux, μ is the viscosity of 
the fluid, ε is the porosity of the filter, τ is the tortuosity of the channels in the packed bed, 
and Dp is the diameter of the related spherical particle. 
In this work, the parameters were determined as follows (Table S7.1): 
Table S7.1. Membrane surface layer and filtration parameters 
Parameter Quantity Unit 
∆P  10k Pa 
h 5.4 μm 
viscosity 0.00089 Pa∙s 
Dp 200 nm 
Flux 6.8×10-5  m/s 
Tortuosity 2.5  
 
The calculated porosity is 0.21 with selected tortuosity 2.5 (most common value for ultrafiltration 
membranes). 
Estimation of porosity based on material balance. Assume GOTI nanocomposite contains x wt.% 
GO and y wt.% TiO2, and each nanocomposite is compact closed core-shell nanostructure, then 
The density of the nanocomposite is 
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𝜌𝐶𝐺𝑂−𝑛𝑇𝑖𝑂2 =
𝑚𝐶𝐺𝑂−𝑇𝑖𝑂2
𝑚𝐺𝑂
𝜌𝐺𝑂
+
𝑚𝑇𝑖𝑂2
𝜌𝑇𝑖𝑂2
=
1
𝑥
𝜌𝐺𝑂
+
𝑦
𝜌𝑇𝑖𝑂2
  
Where density of GO and TiO2 are 1.8 and 4.26 g/cm
3 respectively in this work. 
Then a membrane with a deposited mass of m mg, has volume: 
𝑉𝐶𝐺𝑂−𝑇𝑖𝑂2 =
𝑚
𝜌𝐶𝐺𝑂−𝑇𝑖𝑂2
 
The membrane volume is: 
𝑉𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 = 𝑆 × ℎ 
Where S is the deposited surface area (m2), and h is the membrane thickness (m). 
The membrane porosity is: 
𝜀 = 1 −
𝑉𝐶𝐺𝑂−𝑇𝑖𝑂2
𝑉𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
 
From the experiment, GOTI contains ca. 80% GO and 20% TiO2 as identified by ICP-MS analysis. 
6 mg surface layer corresponds to a thickness of 5.4 um. The deposited membrane surface area is 
8.1×10-4 m2.  The porosity can be estimated to be ~0.33.  
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Abstract 
Graphene oxide (GO) materials have demonstrated considerable potential in next-generation water 
treatment membrane-based technologies, which include antimicrobial applications. GO 
antimicrobial properties can be further enhanced by preloading or chemically generating surface 
associated nanoscale silver particles (nAg).  However, for these systems, enhanced antimicrobial 
functionality decreases over time as a function of Ag mass loss via dissolution (as Ag+). In this 
work, we demonstrate facile photocatalytic in situ synthesis of nAg particles by crumpled GO-
TiO2 (GOTI) nanocomposites as an approach to (re)generate, and thus maintain enhanced 
antimicrobial activity over extended operation times. The described photocatalytic formation 
process is highly efficient and relatively fast, producing nAg particles over a size range of 40 to 
120 nm and with active (111) planes. Additionally, we show in situ surface-based photocatalyzed 
synthesis of nAg particles at the surface of GOTI nanocomposite membrane assemblies, allowing 
for simultaneous filtration and disinfection. With ca. 3 log inactivation for both Escherichia coli 
and Bacillus subtilis, the described membrane assemblies with in situ formed nAg demonstrate 
enhanced antimicrobial activity compared to the GOTI membrane surface or the support 
membrane alone. Under typical conditions, the working/ operational time (Ag dissolution time) is 
calculated to be over two orders of magnitude higher than the loading (synthesis) time (e.g., 123 h 
vs. 0.5 h, respectively). Taken together, the results highlight the described material-based process 
as a potentially novel anti-fouling membrane technology. 
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8.1 Introduction 
Membrane technologies are now widely employed for separation and reclamation 
processes for wastewater streams and for the desalination of sea and brackish waters, among other 
applications.1, 2 As a size-selective sieve or a dense physical barrier technology, water treatment 
membranes allow for high separation efficacies, low chemical inputs, relatively low energy 
consumption and space requirements, and overall simplicity of operation.3, 4 However, despite 
significant technological advancements, a number of challenges remain for membrane 
technologies, including chemical and biological fouling.5 
Advances in nanoscale science and engineering now enable rational, molecular-scale 
material design. As an oxidized form of atomically thin graphene, graphene oxide (GO) can be 
superhydrophilic while maintaining extreme surface-area-to-volume ratios and broad 
functionalization possibilities. With structural (e.g., forming unique nanochannels and 
hydrophilicity6) and economic (scale-up) advantages,7 GO holds considerable potential for use in 
water treatment membranes, including reverse osmosis,8 nanofiltration,9 and ultrafiltration.10 To 
date, GO membranes have demonstrated enhanced water flux properties (ca. 4-10 times higher 
flux than that of commercial nanofiltration membranes9) and intrinsic antimicrobial properties via 
physical disruption,11 production of reactive oxygen species,12 and forced extraction of 
phospholipids from cell membranes.13 We have demonstrated similar antimicrobial properties in 
our recent work with superhydrophilic, selective, and reactive crumpled graphene oxide (CGO) 
based membrane assemblies.14 These membranes not only showed high water permeability, but 
also inactivation (> 99.9%) of E. coli when CGO composites were engineered to encapsulate Ag 
NPs, which allowed for Ag+ release/dissolution.  
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As an antimicrobial, Ag NPs (also termed nAg) can function through multiple mechanisms, 
including direct (particle induced) cell membrane and/or DNA damage, and by Ag+ ions.15, 16 For 
such inactivation/disinfection applications, nAg mass dissolution is typically a limiting variable, 
as the complete dissolution of Ag leads to loss of activity.14, 17, 18 Regeneration of antimicrobial 
properties can be achieved through in situ formation of Ag NPs on/in the membrane surface. To 
date, engineered reduction of Ag+ to nAg has been focused on chemical reduction processes 
(NaBH4 or oleylamine).
18, 19, 20, 21 Alternatively, photocatalyzed synthesis under UV22 or ambient 
(sunlight) light irradiation,23 offers an attractive, chemical free, synthesis route (i.e. no additional 
chemical reagents needed, other than Ag precursor). For all, (re)formation processes need to be 
rapid compared to dissolution rates for in situ (re)generation to be technically advantageous.  
Previously, we have described an innovative, single step aerosol method to synthesize 
crumpled nanocomposites of CGO whereby a variety of functional materials can be incorporated, 
via encapsulation.24 Further, we demonstrated these materials, as CGO-TiO2 nanocomposite 
(GOTI) catalysts, exhibit enhanced photo-reductive properties by substantially increasing the 
occurrence and availability of electrons (through reducing hole-electron recombination).25 Further, 
we have also shown that these composites can be readily assembled as superhydrophilic, selective, 
and photoreactive membranes.14 In this work, we expand/advance the previous membrane 
technology, demonstrating rapid, photocatalyzed formation of Ag NPs on GOTI nanocomposites 
surfaces, via Ag+ reduction, thus enabling CGO based membrane assemblies for concurrent 
filtration and disinfection. Photocatalyzed (re)formation of nAg on GOTI nanocomposites and 
assembled membranes is demonstrated under UV and simulated solar light (AM 1.5) irradiation 
conditions. Detailed characterization of resulting particle (nAg) morphology, size (evolution), and 
crystal structures is included. Membrane (surface-based) antimicrobial properties are 
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demonstrated for two model bacteria, E. coli. and Bacillus subtilis (B. subtilis). With ca. 3 log 
inactivation observed for both organisms, membranes with in situ produced nAg demonstrate 
enhanced antimicrobial activity compared with the GOTI and support membranes. Due to a short 
hydraulic residence time (< 0.1 s),14 the leaching rate of Ag was much slower compared to the 
loading (formation) rate. Finally, a bench-scale system was successfully demonstrated (filter area 
of 8.1 cm2), showing that with 0.5 h of Ag loading (i.e., photocatalyzed reduction of 15 mg/L 
AgNO3 solution under 351 nm UV irradiation, 812 µW/cm
2) ca. 25 L of water can be filtered 
before Ag was completely leached from the system (or ~123 h of constant function time under 
operation pressure of 1 bar). Taken together, this study highlights the potential of GOTI composite 
based assemblies for photocatalytic, in situ NP (reduction based in this case) synthesis for novel 
anti-fouling water treatment membrane and disinfection technologies, among others. 
8.2 Experimental  
8.2.1 Formation of Ag NPs on GOTI 
GOTI nanocomposites, with unique open core-shell structure (CGO encapsulating TiO2 
NPs), were synthesized, via an aerosol method, and characterized as reported in our previous 
work.25, 26 As formed, nanocomposites were collected downstream of the reactor using a membrane 
filter (Millipore GTPP, 200 nm), weighed, and dispersed into water, resulting in a 200 mg/L 
suspension. The formation of Ag NPs by photocatalyzed reduction of Ag+ on GOTI was firstly 
evaluated as batch reactions, under both UV and simulated solar light (AM 1.5) irradiation. 
Reactions under UV irradiation were conducted in a customized UV reactor (with variable light 
intensity (0-2 mW/cm2) centered at 351 nm), while the solar light irradiation was performed by a 
solar light simulator (Oriel Newport 91160-1000, operated at 190 W with light intensity of 72 
mW/cm2 in the 250-950 nm range) (light spectra shown in Figure S8.1). 50 mL mixed solution of 
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GOTI (20 mg/L) and Ag+ (10-30 mg/L AgNO3, Sigma-Aldrich) were added into a quartz reactor 
and then stirred in dark for 1 h to achieve adsorption equilibrium before being placed under either 
UV or solar light irradiation. At each time interval (0, 5, 10, 20, 40 and 60 min), aliquots of 2 mL 
were sampled and further filtered using a syringe filter (Millipore PES, 0.22 um pore size), and 
the filtrate was then diluted properly with 2% HNO3 for inductively coupled plasma mass 
spectrometry (ICP-MS, Agilent 7500cc) measurements to determine the Ag+ concentration in the 
solution. Each experiment was conducted in triplicate. 
Composite morphology and size of pristine GOTI and formed Ag NPs were examined by 
field emission scanning electron microscopy (FESEM, NOVA NanoSEM 230), transmission 
electron microscopy (TEM, Tecnai TM Spirit), and high-resolution TEM (HR-TEM, JEOL 2100) 
with Gatan Imaging Filter (GIF).  
8.2.2 GOTI Membrane Synthesis and Characterization 
Synthesis of GOTI membranes were accomplished via vacuum filtration which evenly 
deposited GOTI nanocomposites onto a poly(ethersulfone) support (PES, Sterlitech, with 
heterogeneous pore size distribution from 80 nm to 1 µm), as detailed previously.14 In brief, 15 
mL of 0.2 mg/mL GOTI dispersion (mass = 3 mg) was mixed with 75 µL polyallylamine solution 
(PAA, Sigma-Aldrich, Mw ~ 12000, 20 wt. % in H2O, ρ =1.02 g/mL) and the mixture was then 
sonicated for 2 h in a bath sonicator (Branson 2510). During the sonication, amine groups on the 
long alkyl chain of PAA readily react with oxygen functional groups on the CGO surface, creating 
new C-N bonds and leading to broad chemical cross-linking.27 The mixture was eventually vacuum 
filtered onto the PES support membrane (pre-soaked in 1% PAA solution for 2 h) at a low flow 
rate (~0.3 mL/min), resulting superhydrophilic, selective, and photoreactive top layer (~0.8-0.9 
µm thick/mg deposition) with a mass density of 3.7 g/m2.14  
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Membrane characterization was performed by FESEM and atomic force microscopy 
(AFM) (membrane morphology and surface roughness), water contacting angle (surface 
hydrophilicity), Fourier transform infrared spectroscopy (FTIR) and Raman scattering 
(functionality and C-C bonding), as detailed in our previous work.14  
8.2.3 In situ Ag NPs Formation on Membrane Surface 
Similar to batch experiment, as-synthesized GOTI membrane (3 mg deposition) was 
initially placed in 70 mL 15 mg/L AgNO3 (Sigma-Aldrich) solution to achieve adsorption 
equilibrium for 1 h. After that, the membrane coupon was taken out of the solution and placed in 
the quartz beaker with another 70 mL 15 mg/L AgNO3 solution. The 30 min reaction was 
conducted in the customized UV reactor (351 nm centered with measured intensity of 812 
µW/cm2) in which the membrane coupon was placed, with the active (deposited) side towards the 
UV light direction (SI, Figure S8.2). The concentrations of Ag+ before and after adsorption and 
reaction were measured using ICP-MS according to the same procedure described above.  
Membrane water permeability with and without Ag formation was evaluated under a direct 
flow and constant pressure dead-end filtration mode, while measuring the permeated water flux. 
The constant pressure (1 bar) was provided by a compressed N2 gas tank (Airgas NI 300), and the 
feed water was pumped from a pressurized ‘storage’ tank (Millipore Amicon 8200) to a 47 mm 
filter holder (Pall Life Science). Permeated solution was measured over time (thus flux) by an 
integrated electronic balance and the data was automatically logged at 60 s interval. Filtration 
properties of GOTI and GOTI-Ag membranes were evaluated by filtering two model contaminants 
of different molecular weights, methyl orange (MO, 7.5 mg/L, Mw= 327.3 Da, Sigma-Aldrich) 
and bovine serum albumin (BSA, 10 mg/L, Mw = ∼66.5 kDa, Sigma-Aldrich) as done in our 
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previous work.14 The concentrations of MO and BSA were analyzed using a UV−vis 
spectrophotometer (Varian Bio 50) at wavelengths of 463 and 220 nm, respectively. 
Meanwhile, the Ag+ releasing in the flow-through mode was monitored by measuring the 
Ag+ concentration in the outflow. 50 mL Milli-Q water was passed through the holder and the Ag+ 
concentration in the solution was measured by ICP-MS, and meanwhile the flow rate was 
monitored. The experiments were repeated for 5 times (with 3 reacted membranes) when Ag+ 
concentration in the outflow was found to have gradually reached a steady state.  
8.2.4 Antimicrobial Property Evaluation 
The membrane antimicrobial activity against E. coli (Gram-negative, ATCC 11775) and 
B. subtilis (Gram-positive, ATCC 6633),28, 29 was tested for both unmodified and modified 
membranes. Overnight bacterial culture (0.5 %) was inoculated into fresh LB medium and then 
cultured under 37 oC to reach exponential growth phase. The bacterial suspension was then 
centrifuged and washed with 0.9% saline solution twice before being dispersed again into 0.9% 
saline solution with a final concentration of 107 CFU/mL. Antimicrobial properties were evaluated 
by the inactivation of cells on the membrane surfaces as described in protocols reported by 
Elimelech’s group.17, 19, 30 Briefly, 400 µL of suspension was placed in contact with the active side 
of the membrane (4.3 cm2) coupon for 2 h (the side with deposited GOTI and formed Ag NPs). 
After 2 h, the upper bulk suspension was removed and the membrane coupon was rinsed by 
sufficient 0.9% saline solution to remove the unattached cells on the surface. Next, the rinsed 
membrane coupon was sonicated mildly in 5 mL 0.9% saline solution for 7 min. 100 µL of the 
suspension was withdrawn, serially diluted, and spread over LB plates. The plates were then 
incubated at 37 oC for overnight in dark before counting the bacterial colonies (CFUs). All 
antibacterial tests were conducted at least in triplicate. 
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8.3 Results and Discussion 
8.3.1 Formation Kinetics of Ag NPs on GOTI  
GO, with ultrahigh theoretical specific surface area (2675 m2/g),31 contains electron rich, 
oxygen-functionalities while retaining aromatic basal plane regions.32 Such structure provides 
highly favorable enthalpic interactions for both positively charged ions and aromatic/hydrophobic 
molecules. Reported GO sorption capacities for metal ions are among the highest material values 
reported, including Cd2+ (106.3 mg/g) and Co2+ (68.2 mg/g).33 In this work, significant adsorption 
of Ag+ (363.1 mg Ag+/g GOTI) was observed after 1 h adsorption in dark (Eqn. 1), which is 
comparable to values reported for other carbon materials, including carbon nanospheres (152 
mg/g)34 and highly oxidized carbon fibers (400 mg/g).35   
GOTI + (Ag+)n → GOTI-(Ag+)n                                                                                                                                               (1) 
Under standard conditions, direct reduction of Ag+ to Ag0 is not thermodynamically 
favorable due to potential of the reaction (E0 = -1.8 V vs. NHE); however, the reaction becomes 
thermodynamically possible if Ag+ exist on/at stable silver clusters (Ag0) (reduction potential E0 
= 0.799 V vs. NHE).36,37 The initial existence of silver clusters was indicated by the UV-vis 
absorption peak at ~325 nm (Figure S8.3).36 Additionally, TiO2, as a semiconductor, produces 
electron-hole pairs under UV irradiation with energies greater than its band gap (3.2 eV) (Eqn.2).38 
The presence of graphene decreases the recombination rate of holes and electrons, and as a result, 
the occurrence and availability of electrons can be significantly increased, leading to enhanced 
reduction reactions.25 The photo-induced (available) electrons have relatively strong redox 
potentials (E0 = -0.7 V vs. SCE),39 which can reduce Ag ions to form Ag0 (Eqn. 3). The 
predominant appearance of Ag NPs on GOTI supports heterogeneous photodeposition as the major 
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mechanism, via which photo-induced electrons reduced silver cations that were adsorbed on the 
surface of GO/TiO2 (Eq. 1-3).
22 
TiO2 + hv → TiO2 + h++ e-                                                                                                                                                                 (2) 
GOTI-(Ag+)n + Ag
0
∞ (cluster)
 + e- → GOTI-(Ag+)n-1 + Ag0∞ (particle)    E0 = 0.799 V vs. NHE    (3) 
This reaction takes place rapidly under UVA irradiation (351 nm centered with intensity 
of 1230 µW/cm2, Figure 8.1a). Ag+ concentration in the solution continued to decrease over the 
entire reaction period, with ca. 25% of the original concentration remaining in the solution after 
60 min reaction (C0 = 30 mg/L AgNO3, C60 min/C0 = 0.24 ± 0.08). The total amount of reduced Ag 
was calculated to be 854 mg/g GOTI. However, for reactions under simulated solar light 
irradiation, Ag+ concentration decreased slightly to C/C0 = ~0.9 in the first 5 min and then was 
constant in the following reaction time, indicating slower reaction kinetics, suggesting that formed 
Ag NPs were mainly from pre-adsorbed Ag+ (Figure 8.1a). The difference between AM 1.5 and 
UV reaction kinetics indicates that, for this reaction, GOTI is primarily UV (as UVA) active.  
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Figure 8.1 (a) Evolution of Ag+ concentration (C/C0) in the solution with the presence of 20 
mg/L GOTI under UV and solar light irradiation; (b) and (c) SEM images of GOTI and 
formed Ag NPs after 60 min solar and UV light irradiation, respectively; (d) and (e) TEM 
and reconstructed TEM-GIF images of GOTI and formed Ag NP under UV irradiation 
(yellow: Ag; red: carbon; green: Ti). C0 = 30 mg/L AgNO3. 
 
SEM micrographs also reveal a difference between the as formed nAg for the two 
irradiation conditions evaluated (Figure 8.1b and c). Under simulated solar light, fewer Ag NPs 
can be observed after 60 min reaction (Figure 8.1b) and with small sizes (usually < 100 nm) 
(indicated by white arrow in the figure). Under UVA irradiation, an increased number of Ag NPs 
were formed with generally larger sizes ranging from tens of nm to a few hundred nm. The 
formation of Ag NPs was further examined and confirmed by TEM based EELS (Figure 8.1d and 
e). In Figure 8.1e, GOTI nanocomposites correspond to the red bulks ‘bumped’ from the (TEM) 
grid plane (circled in white), with CGO as the shell (carbon in red color) and TiO2 as the core 
(which is encapsulated). As we reported previously,25 encapsulation limits can be maximized if 
TiO2 concentration in the precursor is high, leading to aggregation of  TiO2 nanoparticles on the 
outer surface of CGO. This was also observed here by the appearance of (separated) TiO2 
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nanoparticles/agglomerates (Titanium in green, Figure 8.1e) on the composite surface. Ag NPs 
were observed (silver in yellow, Figure 8.1) among GOTI and TiO2 structures, with sizes in 
between TiO2 (~ 20 nm) and GOTI (200-400 nm).  
8.3.2 Size, Morphology and Structure of Ag NPs 
 
 
Figure 8.2 Size and morphology evolution of Ag NPs by photocatalytic reduction of Ag+ on 
GOTI nanocomposites after 10, 30 and 120 min reaction. (a-d) show the SEM images of 
pristine GOTI (a) and as-synthesized Ag NPs at 10 min (b), 30 min (c), and 120 min (d). (e) 
Ag NPs formed with different morphologies. (f) size distribution of Ag NPs at different 
reaction time. Dash lines are guided lines for the eye only. C0 = 10 mg/L. 
 
Size and morphology of evolved Ag NPs as a function of irradiation time is shown in Figure 
8.2. Initially, only GOTI nanocomposites can be observed (Figure 8.2a), with the typical crumpled 
‘paper-ball-like’ morphology described above.25 Upon 10 min of UV irradiation, large amounts of 
Ag NPs were observed, most of which are in polyhedron shapes (white dots indicated by the white 
arrows in the Figure 8.2b-d). Ag NPs were further observed to have grown into larger sizes after 
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30 min reaction (Figure 8.2c), and more shapes were found, which include pyramid, sphere, 
cylinder and flake (Figure 8.2e).  
Particle size was reported as the longest structural dimension imaged (by SEM, Figure 
8.2a-d), and for each size distribution, > 150 Ag NPs were randomly sampled (total counts: 583). 
Size distribution analysis shows that most NPs are between 40 and 120 nm regardless of the 
reaction time (the peak range in Figure 8.2f). According to the Mie theory, a strong, sharp 
extinction peak located at 380-420 nm (due to surface plasmon resonance effect) exists for silver 
particles < ca. 40 nm in diameter.37 The UV-vis spectra of these nanoparticles showed no such 
peaks (Figure S8.3), agreeing with the observed size distribution (mostly between 40 and 120 nm). 
While Ag NPs were rapidly formed in the first 10 min of the reaction, from 10 min to 30 min, the 
fraction of small NPs decreased (mostly 20-80 nm) and the number of large particles increased (as 
ca. 140-220 nm) (Figure 8.2f). Further, the size distribution did not change significantly after 30 
min (to 120 min). For example, at 10 min, particles with sizes between 40-80 nm account for 54% 
of the total; while at 30 min and 120 min, that has decreased to 45% and 44% respectively, due to 
the production of larger particles (in the size range between 120-160 nm increased from 7% at 10 
min to 14% at 30/120 min). Additional TEM examination also supported the observation that 
formed Ag NPs were mainly between 40 and 120 nm (Figure S8.4). 
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Figure 8.3 HRTEM characterization of representative formed Ag NPs on GOTI. (b), (c) and 
(d) are enlarged parts of the particles in (a) (as pointed out by white arrows). 
 
High-resolution (HR) TEM was employed to identify the crystal structure of formed Ag 
NPs (Figure 8.3). Ag NPs consist of three planes, including (111) plane (d = 0.235 nm), (110) 
plane (d = 0.286 nm), and (200) plane (d = 0.204 nm), consistent with the face centered cubic (fcc) 
crystal structure of Ag with a lattice length a = 0.409 nm.22 For larger particles, (111) planes were 
identified, consistent with previous reports (Figure 8.3b and c).22 Multiple crystal structures were 
identified in one particle, indicating growth of large particles possibly by diffusion coalesce 
(Figure 8.3d), as observed by others.40 It has been demonstrated that the reactivity of Ag NPs is 
relatively enhanced for high-atom-density planes such as (111) plane, with particle geometries 
containing more reactive (111) planes to be relatively more biologically active than other shapes.41  
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8.3.3 Surface Formation of Ag NP on GOTI Membranes 
The fabrication, characterization, and performance evaluation of CGO based membranes 
have been previously detailed in our recent work.14 As assembled, membrane surfaces reveal peak-
valley morphology (Figure 8.4c), and maintain surface enhanced hydrophilicity (via oxygen 
functionality), as identified by FTIR, Raman Spectroscopy and water contact angle measurements. 
Here 3 mg of GOTI composites were deposited onto a PES support, resulting in a water flux of 
454 ± 31 L/(m2·h·bar), which decreased from > 5800 L/(m2·h·bar) for the PES support only 
(Figure 8.4a). This is in line with water flux results obtained previously, and agrees with classic 
Kozeny-Carman description for porous filters (i.e. water flux decreases monotonically as 
deposition mass increases).5  
For 3 mg GOTI membranes, adsorbed Ag+ mass was measured to be 53.5 ± 8.0 µg (18 mg 
Ag+/g GOTI), which is one order of magnitude lower than that of suspended, monodisperse GOTI 
nanocomposites (363.1 mg Ag+/g GOTI). This decrement is likely due to loss/blocking of 
adsorption sites and accessibility due to packing and cross-linking of CGOs. Photocatalytic 
reduction experiment showed an average of 160.4 ± 44.7 µg in additional mass of Ag (as Ag(0) 
NPs) onto/into the membrane within 30 min (53 mg Ag+/g GOTI), which is almost 3 times that of 
adsorption alone. Impregnated membranes were then examined by SEM, as shown in Figure 8.3d-
f. After 30 min UV irradiation, Ag NPs were observed periodically over the entire membrane 
surface (Figure 8.3d). Further, unlike Ag NPs formed on monodisperse GOTI during batch 
reactions, which have multiple shapes (Figure 8.2e), in situ, surface formed Ag NPs are primarily 
flake shaped (Figure 8.2d inset). Ag NPs were only observed at a depth of a few hundred nm below 
the upper assembly surface, likely corresponding to the dimension of one CGO nanocomposite 
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(Figure 8.2e and f), thus indicating that photocatalytic reduction is typically localized to the 
topmost composite layer (or a few hundred nm).  
 
 
Figure 8.4 (a) pure water flux of the PES support, GOTI modified membrane, and membrane 
with Ag NPs; (b) Ag+ concentration in the permeate (pure water), and remained Ag as a 
(mass) percentage of total loaded Ag with permeate volume (in the inset); (c) SEM image of 
unmodified CGO membrane surface; (d) SEM image of the membranes with formed Ag NPs 
(top view), with enlarged image in the inset; (e) and (f) cross-sectional view of the membrane 
surface with two magnifications (d: ×20000; e: ×40000), in Figure f. inset graphs are the 
enlarged Ag NPs indicated by the white arrows. 
 
Upon Ag NP formation, additional decrement of pure water flux is observed (249 ± 35 
L/(m2·h·bar)), due to pore blocking (Figure 8.4a). This phenomenon is expected based on our 
previous work,14 whereby similar assembled membranes have effective pores which are relatively 
small compared to the sizes of formed Ag NPs. The membranes were also evaluated by filtering 
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aqueous solutions of two different sized molecules, using methyl orange (MO, Mw = 327 Da) and 
bovine serum albumin (BSA, Mw = 66.5 kDa). Rejection of MO and BSA were 24 ± 9% and 64 ± 
12% for GOTI membranes, which increased to 47 ± 26% and 77 ± 7% for GOTI membranes with 
Ag NPs (formed under 351 nm centered UV irradiation (812 µW/cm2) for 30 min). These results 
are consistent with the estimation of surface pore sizes through analyzing SEM imaging (10-30 
nm range).14 
Ag leaching was monitored by measuring Ag+ concentration in the collected permeate. For 
the first 50 mL of permeate (Milli-Q water as feed water), Ag+ (bulk) concentration was 38.1 ± 
5.7 µg/L, which then decreased to 18.9 ± 3.7, 12.1 ± 2.7, 9.0 ± 0.1, and 8.6 ± 0.7 µg/L for the 
following four flushes of 50 mL Milli-Q water (Figure 8.3b). This concentration level is at the 
same order of magnitude observed by others for Ag dissolution from Ag NPs on membranes (a 
few ppb),18, 42, 43 and is far below the US EPA standard of 100 ppb.18 Higher concentration of Ag+ 
in the initial stage of the permeation was likely from remaining (associated/sorbed) Ag+, as the 
penetration depth of light likely limits the photoreductive process regime. Ag+ permeate 
concentration eventually stabilized (~ 9 µg /L). 
Due to short residence time through the membrane (< 0.1 s),14 the leaching of Ag was 
relatively slow. As shown in the inset graph in Figure 8.4b, 98% of Ag remained in/on the 
membrane after permeation of 0.25 L water. Based on material balance and rate of observed 
dissolution, such a bench-top system (47 mm filter holder, Pall Life Science), with a filter area of 
8.1 cm2, could filter up to 24.9 L of water before Ag was depleted from the system (or ~123 h of 
constant function time under operation pressure of 1 bar).  
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8.3.4 Enhanced Surface Inactivation of Bacteria 
Previous studies have shown that flat GO  functionalized membranes can significantly 
reduce the surface attachment and viability of E. coli.30 Additionally, our previous study 
demonstrated CGO-Ag composite membranes with > 3 log inactivation of E. coli.14 In that case, 
Ag NPs were encapsulated within the crumpled GO structure with enhancement in antimicrobial 
activity attributed primarily to dissolution of Ag+.14 
 
Figure 8.5 Comparison of surface attached live cells after contacting with membrane 
surfaces (a) B. subtilis; (b) E. coli. The attached live cells on PES surface were taken as 
control (100%). 
 
Unlike encapsulated Ag NPs, in situ formed Ag NPs were localized onto/at the GOTI outer 
shell, thus the membrane surface itself. Here, we examined surface inactivation of E. coli and B. 
subtilis on PES, GOTI-PES, and GOTI-Ag-PES membranes. Bacteria dispersion (in 0.9% saline) 
was placed in contact with the active (deposited and reacted) side of the membrane, and after 2 h 
surface contact, the remaining viable bacteria population was compared to that contacted with 
blank PES. Compared to PES only membrane (PES membrane as 100%), GOTI-PES membrane 
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retains approximately 13.7% and 11.2% of living B. subtilis and E. coli. cells respectively, which 
agrees with our previous result on CGO membrane.14 Inactivation of bacteria by graphene/GO has 
been reported to be due to cell membrane damage, including physical disruption,11 formation of 
reactive oxygen species,12 and extraction of phospholipids from cell membranes.13 Again, with Ag 
formation, the GOTI-Ag-PES membranes reached ca. 3 log removal of both bacteria (Figure 8.5). 
Small Ag NPs (< 10 nm) have been observed to effectively penetrate into/through cell membranes, 
leading to significant increase in cell membrane permeability and DNA damage;15 Ag+ ions, can 
interact directly with thiol groups in proteins, resulting in denaturation, and even inhibiting DNA 
replication.16, 44 As shown in the previous section, most of as-formed Ag NPs have sizes > 10 nm, 
thus it is unlikely that the large Ag NPs penetrate into the cells directly. It is thus hypothesized that 
the enhancement in activity is mainly due to dissolution of Ag+ and subsequent cellular 
interactions. However, the effect of direct contact of (such large) Ag NPs with bacteria on the 
antimicrobial activity remains unclear. Further, the activity crystal facets, as discussed above, 
affect inactivation of the bacteria is worthy future investigations.  
8.4 Environmental Applications 
Recent GO membrane-based separation applications have demonstrated material 
advantages over other engineered carbon nanomaterials, such as carbon nanotubes. These 
advantages include economic synthesis routes (i.e., simple oxidation and exfoliation of graphite),7 
broad(er) chemical functionalization routes, and the possibility of large arrays of highly tailored, 
composite materials/assemblies.45 In addition to physical separations, such membranes can be 
efficiently (re)generated with regard to antimicrobial properties, without additional reagents 
besides Ag+. For future applications, GOTI nanocomposites may also be surface-tethered (similar 
to what has been demonstrated in this work) onto the outside tube walls of hollow fiber 
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membranes, or incorporated into the top polymeric layer during the membrane fabrication (phase-
inversion) process. Currently, we envision our modified membranes operating like unmodified 
membranes, with the addition/synthesis of Ag NPs occurring during the regular membrane 
cleaning processes/cycle. In other words, the modified membranes do not need to be operated 
under continuous UV irradiation, but instead can be irradiated intermittently. Ideally, the reloading 
time can be optimized to meet the cleaning cycle (i.e., ca. 1-3 months for most UF membranes in 
practical applications).  As GOTI photocatalyst reactivity is further extended into the visible light 
regimes, which have been recently demonstrated, facile synthesis/regeneration of Ag NPs, among 
other reduced nanoparticles, will be possible via simple sunlight irradiation. Building on this, 
crumpled graphene oxide composite-based water treatment membranes, with enhanced 
antimicrobial properties through photocatalytic in situ (re)formation of Ag NPs, have potential in 
regenerative, point-of-use water treatment and reuse systems. 
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Chapter 8 Supporting Information 
The light spectra of the customized UV reactor and simulated solar light, scheme of formation of 
Ag NPs on membrane surface, evolution of UV-vis absorption spectra of the GOTI-Ag composites 
with time under UV, and additional TEM and SEM images of GOTI and formed Ag NPs are 
included.  
 
Figure S8.1. Light spectra of the customized UV reactor and simulated solar light (AM 1.5). 
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Figure S8.2. Scheme of Ag NPs formation on membrane surface (batch mode). The reaction was 
conducted in the customized UV reactor (351 nm centered with measured intensity of 1230 
µW/cm2) in which the membrane coupon was placed, with the active (deposited) side towards the 
UV light direction. 
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Figure S8.3. Evolution of UV-vis absorption spectra of the GOTI (and formed Ag NPs) with time 
under UV irradiation. 
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Figure S8.4. TEM images of GOTI and formed Ag NPs. Quasi-spherical, core-shell (also termed 
sack-cargo) nanostructures were observed for all GOTIs as shown in the image. The sizes of GOTI 
nanocomposites are approximately between 200-400 nm. HR-TEM analysis reveals that TiO2 
nanoparticles have an orientation of anatase (101) plane.  
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Figure S8.5. SEM images of GOTI and formed Ag NPs after 60 min solar (a) and UV (b) light 
irradiation. 
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Chapter 9. Conclusions and Future Directions 
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9.1 Conclusions 
This dissertation has described a novel engineering approach to produce aggregation-
resistant crumpled graphene oxide (CGO)-based platform nanomaterials, and demonstrated their 
unique applications in a suite of advanced water treatment technologies, including photocatalysts 
and water treatment membranes. Conclusions drawn from this work are likely to have a lasting 
impact on the fields of aerosol processing of materials, environmental nanotechnology, 
environmental catalysis, water treatment membranes, and others. 
The major conclusions from the dissertation are as follows: 
I. A systematic description of the transformations of GO nanosheets during aerosol processing and 
their subsequent impact on material colloidal behaviors was provided.  
1) With respect to physical crumpling, a temperature-dependent morphological evolution of 
CGO materials was observed. A semi-empirical equation for crumpling of self-avoiding 
sheets at the macroscale successfully describes the nanoscale phenomenon of GO crumpling. 
Further, both calculation and experimental results revealed that the evaporation rate plays an 
important role in controlling the crumpling process. 
2) With regard to chemical transformation, a temperature-dependent removal of surface 
functionality was observed. The characterization results revealed that the thermal reduction 
started with the removal of basal plane functional groups (e.g., epoxy) and then proceeded to 
the removal of more (chemically) stable carbonyl and carboxyl functionalities at the material 
edge. 
3) Material properties, including morphological and surface chemical properties (ζ-potentials, 
C/O ratios, carboxyl, and C-C fractions), were for the first time, quantitatively correlated to 
fundamental material behaviors in water. The CCC values were found to increase by 23-80% 
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when GO is crumpled as CGO. ζ-potentials were observed to be strongly correlated with CCC 
values (R2 = 0.94-0.99), which is (mathematically) consistent with classic DLVO theory. 
Further, for all cases, edge-based carboxyl functional groups are highly correlated to observed 
CCC values (R2 = 0.89-0.95). Observations support the deprotonation of carboxyl groups with 
low acid dissociation constants (pKa) as the main contributors to ζ-potentials and thus to 
material aqueous stability.  
4) NOM is found to have considerably increased the critical coagulation concentrations (CCC) 
of all GO evaluated, the stability enhancement for CGO is at least one order of magnitude 
higher than flat GO, regardless of surface chemistry. This augmented stability is primarily due 
to enhanced steric repulsion via adsorbed NOM, although electrostatic repulsion also plays a 
role in the case of highly reduced GO (e.g., CGO-800). Further, based on adsorption results, 
higher adsorption density and extended configurations of NOM on crumpled surfaces may be 
the reason for much higher CCC of CGOs.  NOM with higher (net) aromaticity was correlated 
with increased (relative) stability enhancements, suggesting π-π interactions likely play a key 
role in the interaction mechanisms, which is similar to previous reports describing carbon 
nanotube – NOM interactions. 
II. A library of CGO-based nanomaterials with desired properties and functionalities was 
developed, based on synthesis process optimization/engineering from Part I knowledge. 
5) The aerosol process was modified to incorporate nanoparticles. Binary and ternary 
nanostructures, including CGO-TiO2, CGO-Ag, CGO-magnetite, and CGO-TiO2-magnetite, 
were successfully synthesized with desired sizes and surface chemistries (water stability). This 
synthesis protocol can be further employed universally to synthesize CGO-based functional 
composite materials. 
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6) The as-synthesized CGO-TiO2-magnetite (GOTIM) ternary core-shell nanostructures were 
shown to possess superior aqueous-based photocatalytic properties (over a 20-fold 
enhancement in some cases) compared to TiO2 alone. Total GOTIM photocatalytic reactivity 
was confirmed to also include efficient photo-reduction reaction pathways, in addition to the 
expected oxidation routes typical of TiO2 based photocatalysts, significantly expanding CGO-
TiO2 based-photocatalysts’ application potential compared to TiO2 alone. Further, with the 
addition of hole scavengers such as EDTA, and/or lowering the O2 concentration, further 
enhancement of photocatalyzed reduction reactions was demonstrated, suggesting the 
potential for directed, controlled reduction applications. In addition to robust aqueous stability, 
low-field magnetic susceptibility is also demonstrated, allowing for low-energy in situ 
material separations, which are critical for material recycling and reuse. 
7) Rapid photo-reduction of Ag+ into nano-Ag particles by GOTI nanocomposites was 
demonstrated under both UV and solar light irradiations, and GOTI was found to be primarily 
UV (as UVA) active. Size distribution analysis shows that most NPs are between 40 and 120 
nm, regardless of the reaction time. High-resolution (HR) TEM was employed to identify the 
crystal structure of formed Ag NPs. As-synthesized Ag NPs consist of three planes, including 
the (111) plane (d = 0.235 nm), (110) plane (d = 0.286 nm), and (200) plane (d = 0.204 nm). 
III. Two schemes for CGO applications in water treatment membranes, as advanced, reactive water 
treatment membrane assemblies and nanoscale membrane fillers, were developed and 
demonstrated.  
8) Nanoscale, monomeric CGO nanoparticles (GOTI and GOAg, as a quasi core-shell 
structure) were assembled into composite membranes. These membranes not only allow high 
water flux via vertically tortuous nanochannels, achieving a water flux of 246 ± 11 L/(m2∙h∙bar) 
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with the deposition density of 7.4 g/m2, outperforming comparable commercial ultrafiltration 
membranes. They also demonstrate excellent separation efficiencies for model organic and 
biological foulants. Further, multifunctionality is demonstrated through the in situ 
photocatalytic degradation of methyl orange (MO), as a model organic, under fast flow 
conditions (tres < 0.1 s). Superior antimicrobial properties, evaluated with GOAg, were 
observed for both biofilm (contact) and suspended growth scenarios (> 3 log effective removal, 
Escherichia coli).  
9) In situ surface-based photocatalyzed synthesis of nAg particles at the surface of GOTI 
nanocomposite membrane assemblies was demonstrated, allowing for simultaneous filtration 
and disinfection. With ca. 3 log inactivation for both Escherichia coli and Bacillus subtilis, 
the described membrane assemblies (with in situ formed nAg) demonstrate enhanced 
antimicrobial activity compared to the GOTI membrane surface or the support membrane 
alone. Under typical conditions, the working/operational time (Ag dissolution time) is 
calculated to be over two orders of magnitude higher than the loading (synthesis) time (e.g., 
123 h vs. 0.5 h, respectively). These results highlight the described material-based process as 
a potentially novel anti-fouling membrane technology. 
10) CGO and GO particles were incorporated into the polysulfone ultrafiltration membrane 
matrix during the phase inversion process. The membranes incorporated with GO/CGO 
showed much enhanced water permeability and similar rejection efficiencies for BSA. 
9.2 Future Directions 
9.2.1. Material Synthesis and Behaviors 
1) A universally applicable theoretical framework needs to be developed to describe the 
nanoscale crumpling of 2D materials into 3D structures. While in this work initial efforts have 
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been made by employing existing knowledge at the macroscale, the verification of the scaling 
law between the confinement force and material properties will require subtle nanoscale 
measurements, which may be daunting. To reach such a goal, experiments can be combined 
with computational approaches, such as molecular dynamic simulations.   
2) For industrial-scale production of CGO materials, the FuAR process needs to be further 
optimized, in particular with regard to diffusion loss. Particle deposition onto the reactor tube 
wall needs to be alleviated to increase the overall throughput. Furthermore, the as-synthesized 
particles are somewhat polydispersed, so other aerosol generation methods may be preferred, 
such as electrospray. Moreover, ambient temperature crumpling of GO sheets has been 
demonstrated in some previous reports, however, synthesis of functional composite materials 
through encapsulation under these conditions has yet to be demonstrated. This synthesis will 
be of great interest to applications requiring preservation of the GO surface chemistry, and 
will dramatically reduce overall energy consumption. 
3) There are many opportunities for surface chemical functionalization of GO. Of particular 
interest will be the development of a one-step process which simultaneously completes the 
chemical functionalization during the aerosol process. Functionalization can bring about 
tailored approaches for specific adsorption of a particular ion or compound. 
4) There lacks a systematical understanding of the interaction mechanisms between natural 
organic matters and GO materials. The configuration of humic substances on GO surface 
impacts the steric repulsion, and thus aqueous stability significantly, which needs to be further 
resolved, preferably quantitatively. Such findings will also have broader implications for GO 
fate and transport in more complex real aquatic environments.  
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9.2.2. Photocatalyst Development 
5) This work has shown that the photocatalytic activity, including both oxidative and reductive 
pathways, is dependent on the material composition(s) and structures. This finding should 
lead to new strategies to design and synthesize shape-dependent photocatalyst which could 
enhance the reduction pathways by containing oxidation reactions within the shell structure. 
This type of photocatalysts would have potential applications in reductive removal of a range 
of aqueous oxyanion pollutants, among others. 
6) Photocatalysts responsive to visible light/ sun light will also be of great interest. Doping of 
graphene will be a feasible avenue to achieve this goal. 
9.2.3. Water Treatment Membranes 
7) There still lacks a fundamental description of ‘structure-property-performance’ 
relationships of GO-enabled membranes. This requires more convenient approaches to control 
GO size, shape, and surface chemistry, and characterization of resulting properties, such as 
hydrophilicity and antifouling property.  
8) For practical applications of the reactive membranes developed here, other polymeric cross-
linker and cross-linking reaction schemes have to be studied to considerably enhance the 
stability of CGO particles on top of the support. The cross-linker, additionally, has to meet 
the requirement of being UV-resistant for photoreactive membranes. The CGO layer needs to 
be better characterized in terms of intrinsic structure, and also the water transport mechanism 
(e.g., pathway) needs to be elucidated. Further, the application regime of these membranes 
should be defined for membranes to be optimized accordingly. 
9) The application of CGO nanomaterials in other membrane types has yet to be demonstrated. 
Such potential applications include thin film nanocomposite (TFN) membranes that 
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incorporate CGO nanomaterials in the polyamide layer, and also the surface functionalization 
of commercial UF/NF/RO membranes.  
10) There is a demand for novel fabrication processes for nano- or advanced material-enabled 
membranes. These processes need to be scalable. Current approach of adding nanoparticles 
as nanofillers does not allow control of the distribution of nanoparticles, for example, into the 
selective layer. Additionally, surface functionalization has not been demonstrated in a 
continuous fashion, which also limits potential industrial applicability.  
9.2.4. Life-cycle Assessment 
11) The chemical stability of GO under various conditions (e.g., UV and oxidant exposure) 
should be evaluated for longer time regimes. These knowledge will be essential to a full 
understanding of the environmental benefits and drawbacks of graphene-based treatment 
technologies. 
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Appendix I. Fabrication of Polysulfone UF Membranes Incorporated with 
Graphene Oxides 
A preliminary study on fabrication of polysulfone (Psf) UF membranes incorporated with GO and 
CGO nanoparticles is presented in this section. Psf membranes with different GO and CGO 
loadings (0, 0.25, 0.5, and 1% weight percentage with respect to polymer) were synthesized by a 
phase inversion method. Preliminary results include membrane characterization, permeability and 
rejection performance evaluation. 
A1. Introduction 
Membrane technologies have recently experienced significant nano-enabled technological 
advancements while growing as key process components towards integrated water treatment and 
reuse.1 Among a number of membrane processes, low-pressure ultrafiltration (UF) has been used 
extensively for many separation and filtration purposes, including water and wastewater treatment, 
oil-water separation, and chemicals separation, among others. The majority of UF membranes are 
fabricated from inert polymeric materials such as polysulfone (Psf), polyethersulfone (PES), and 
polyvinylidene difluoride (PVDF), in which nanoparticles can be easily incorporated by blending 
into the solvents during the phase inversion process. Nanoparticles as matrix fillers have been 
shown to usually bring about improvements in hydrophilicity and anti-fouling properties, and up 
to date, such incorporation has been demonstrated with nanomaterials including TiO2, SiO2, Ag, 
and carbon nanomaterials.2, 3  
Interests in carbon nanomaterials for separation applications may have rooted in the unique 
phenomenon of ultrafast transport of water molecules in the confined carbon tubular nanopores. 
Water permeation through carbon nanotubes (CNT) was demonstrated 3-5 orders of magnitude 
 266 
 
faster than upper limits predicated by the Hagen-Poiseuille equation due to violation of no-slip 
boundary conditions.4  However, major breakthroughs have not been achieved in the past decade 
in the development of an economic scale-up fabrication process of such CNT membranes. In the 
past few years, research interests in graphene oxide (GO), the oxidized derivatives of a lately 
discovered two-dimensional carbon allotrope-graphene, emerged rapidly as evidenced by 
increasing numbers of publications and patents each year. Graphene oxide can have some unique 
material advantages compared to CNTs. For example, its manufacturing consumes considerably 
less energy (500-1000 MJ/Kg by solvent exfoliation of graphite oxide, compared to 100,000 
MJ/Kg of CNTs).5 In addition, it has more tailorability with regard to size, surface chemistry, and 
morphology.  
  In a similar manner, small amounts of GO (usually 0.1-2 wt.% with respect to polymer) 
were incorporated into conventional polymer UF membranes structures, including Psf,6, 7 PES,8 
and PVDF.9 GO is hypothesized to migrate to the top membrane surface during the phase inversion, 
making it more hydrophilic, which is supported by the observation of an average decrease of ca. 
20° in water contacting angle measurements. In addition to increase in surface hydrophilicity, 
overall porosity also increased, and as a result, 2-20 fold enhancements in water fluxes have been 
observed (due to GO additions).7, 8 Rejection improvement can vary from a few percent8 to almost 
3 times,9 depending on the polymers, GO percentage, and test foulants. Generally, optimal GO 
percentage balances water permeability and rejection rates, which conforms to the classical trade-
off between permeability and selectivity associated with nano- to ultrafiltration membranes.  
  Although these GO-enabled UF membranes have demonstrated great potentials, 
fundamental questions remain, such as the relationships of GO properties (size, surface chemistry, 
etc.) with fabrication processes and the eventual performance. GO materials typically vary in 
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nature due to the random functionalization of each layer and variations in physical structures.10, 11 
The degree of oxidation can differ significantly from a few to dozens of percent in terms of atomic 
ratio.11 Further, 2D GO can be physically modified, resulting in 3D structures, such as crumpled 
paper ball-like spheres12, 13 and corrugated (wrinkled) surfaces.14 These variations were shown to 
have great impacts on its aggregation states in solvents and subsequently interaction with aquatic 
constituents such as natural organic matters in our earlier work.15  
  These physical and chemical variations of GO materials could also have relevant 
implications for membrane performances when acting as nanoscale fillers. However, such 
relationships, according to the authors’ knowledge, has yet to be revealed. In this work, GO and 
crumpled GO (CGO) were synthesized, and incorporated into Psf UF membranes at different 
material loadings (0, 0.25, 0.5, and 1% weight percentage with respect to polymer) during the 
phase inversion process. The membranes were characterized and evaluated with regard to 
permeability and rejectivity. Preliminary results show that increased hydrophilicity is likely one 
major reason for enhanced water permeability after nanoparticle incorporation.  
    
A2. Experimental 
A2.1 Synthesis of Flat and Crumpled Graphene Oxide 
GO was synthesized by oxidation and subsequent exfoliation of graphite, namely the 
modified Hummer’s method,16 as described in detail in our previous work.13 The obtained flat GO 
nanosheets were used as the starting material to synthesize CGO particles by a furnace aerosol 
reactor (FuAR) method.13, 15 In this aerosol-assisted process, flat GO sheets are crumpled in a water 
droplet under the capillary compression induced by rapid water evaporation. The CGO 
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nanoparticles were finally collected using a membrane filter (Nylon, 200 nm, Whatman) at the end 
stream of the reactor, weighed and dispersed in solvents. 
Detailed material characterization methods were described in our earlier work.15 The 
morphology and size of the GO and CGO samples were examined by transmission electron 
microscopy (TEM, TecnaiTM Spirit, FEI Co.), field emission scanning electron microscopy 
(FESEM, NOVA NanoSEM 230, FEI Co.), and atomic force microscopy (AFM, Veeco Nanoman). 
For GO SEM imaging, samples were sputter-coated with gold for 90 s (Headway PWM32-PS-
CB15PL). ζ-potential and hydrodynamic diameter (Dh) (in 40 mg/L aqueous solution) were 
measured with a ZetaSizer Nano ZS instrument (Malvern Instruments, Worcestershire). Surface 
chemistry information was obtained with fourier transform infrared spectrometer (FTIR, Nicolette 
Nexus 470) and X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II equipped with 
monochromatic Al Kα (1486.6 eV) X-ray source).  
A2.2 Membrane Casting and Characterization 
Psf membranes were fabricated by a phase inversion method.6 A casting solution was 
prepared by mixing 8.1 g of 1-Methyl-2pyrrolidinone (NMP, Sigma-Aldrich), 0.1 g of 
polyvinylpyrrolidone (PVP, Mw 10,000, Sigma-Aldrich), and 1.8 g of Psf (beads, average Mn 
~22,000, Sigma-Aldrich) while adding a desired amount of GO/CGO (wt. 0-1.0%). The mixture 
was stirred for 24 h on a heating plate at 60 °C to obtain a homogeneous dispersion. After 24 h, 
the casting solution was cooled to room temperature and remove bubbles. The membrane casting 
was performed using a casting knife (EQ-Se-KTQ-150D, MTI Corp.), on a clean glass plate with 
a denominated thickness of 200 μm. Immediately after casting, the thin film was immersed into a 
water bath to initiate the phase inversion. The membrane sheet was then obtained and stored in 
water before being used for test and characterization. 
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Table A1. Compositions of Psf membrane casting solutions 
Membrane 
type 
Components of the casting Solution 
PSf (g) NMP (g) PVP (g) 
GO/CGO 
(g) 
Psf only 1.8 8.1 0.1 - 
0.25% NPs 1.8 8.1 0.1 0.0045 
0.5% NPs 1.8 8.1 0.1 0.009 
1% NPs 1.8 8.1 0.1 0.018 
  
A2.3 Membrane Characterization 
Membrane surface and cross-sectional images were obtained using field emission scanning 
electron microscopy (FESEM, NOVA NanoSEM 230, FEI Co.). The membrane cross-sections 
were exposed by fracturing the coupons in liquid nitrogen. For SEM imaging, all samples were 
sputtered with gold for 90 s (Headway PWM32-PS-CB15PL). Membrane surface morphology and 
roughness was also investigated using an atomic force microscopy (AFM Veeco NanoMan) in a 
tapping mode (spring constant of 40 N/ m, resonance frequency of 325 kHz, tip radius of 8 nm). 
Further, membrane surface hydrophilicity was studied by measuring water contact angle using a 
sessile drop method (Pheonix-300). At least ten measurements were conducted for each membrane 
and the average value was obtained and reported.  
A2.4 Membrane Permeability and Selectivity 
To investigate the performance of the as-synthesized membranes, permeability and 
rejection tests were performed according to established procedures.17 Pure water permeability were 
evaluated under a direct flow and constant pressure dead-end filtration mode, while the permeated 
water flux was directly measured. Solutions (water or bovine serum albumin, Mw ~66 kDa Sigma-
Aldrich) in the storage tank (Millipore Amicon 8200) were pressurized by nitrogen gas at a certain 
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pressure (i.e., 1 bar) and connected to the filter holder (47 mm, Pall Life Science) in which the 
synthesized membrane was placed. The permeated solution was measured over time using an 
integrated electronic balance (Mettler Toledo ML1502E) and data was logged automatically at 60 
s intervals. With this interval, the average water flux was calculated. 
For the rejection test, the membranes were challenged by 1 g/L BSA solution. The 
concentration of BSA was measured using a UV-vis spectrophotometer (Varian Bio 50) at an 
absorption peak of 278 nm. The solute rejection percentage was calculated using the following 
equation:  
rejection (%) =   (1 −  
𝐶𝑝
𝐶𝑓
) × 100 
Where 𝐶𝑝 and 𝐶𝑓 are the concentrations of BSA in the permeate and feed solutions, respectively. 
A3. Results and Discussion 
A3.1 Characterization of As-synthesized Graphene Oxides 
The size, morphology, and surface chemistry of GO and CGO-400 were characterized in 
detail using TEM and XPS (Figure A1).15 The TEM examination of GO sheets show a rough size 
distribution from a few hundred nanometers to over 1 µm, which is also confirmed by earlier AFM 
measurements (Figure A1a). CGO-400, synthesized via the aerosol route using flat GO as the 
starting material, have a distinctive crumpled morphology (Figure A1b). CGO has a quasi-
spherical morphology with relatively smooth surfaces and sharp ridges. 
 GO is known as one-atom-thick highly oxidized graphene sheet, with oxygen-containing 
functional groups which include basal hydroxyl and epoxy, and edge-associated carbonyl and 
carboxyl groups.18 Under furnace temperatures of 400 °C, those oxygen functional groups are 
expected to be partially removed. The evolution of surface functional groups was analyzed from 
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XPS spectra. The high-resolution carbon 1 S peak from XPS spectra was deconvoluted into five 
chemical states, which represent most commonly accounted surface functional components, 
including the C-C (284.8 eV), C-OH (286.2 eV, 1-1.5 eV shift to higher binding energy (BE)), C-
O-C (287.1 eV, higher BE compared to C-OH group), C=O (287.7 eV, 2.5-3 eV shift to higher 
BE) and COOH (288.8 eV, 4-4.5 eV shift to higher BE) functionalities.19, 20 As shown in Figure 
A1c, being highly oxidized, GO is with abundant oxygen functional groups, including C-OH (~13% 
of area ratio), C-O-C (~ 35%), C=O (~6%), and COOH (~5%). With thermal reduction at 400 °C, 
the oxygenated functionality decreased, accompanied by the restoration of C-C aromatic regions. 
For example, the C-C area ratios increased gradually from ~41 ± 4 % of GO to ~61 ± 2 % of CGO-
400, and the C-O (C-OH and C-O-C) area ratios decreased from around 48.2% to 30.1% (Figure 
A1 c and d). 
 
Figure A1. TEM images and XPS spectra of GO and CGO-400. 
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A3.2 Characterization of As-synthesized Membranes 
The membranes with varied materials and loadings can be distinguished by their colors 
(Figure A2). The original Psf membrane has a white color, with the shiny side of the dense layer 
shown in Figure A2. With addition of GO/CGO, the color becomes darker.  With 1% of CGO 
loading, the membrane turns black (Figure A2). This change suggests the successful incorporation 
of CGO in the membrane matrix, which is also reflected in the SEM images. SEM images of the 
original Psf show a smooth surface, and more GO/CGO particles emerged to the membrane surface 
with higher material loadings (Figure A3). The cross-sectional view of the membranes exhibit a 
finger-like morphology, which is typical for Psf UF membranes made by the phase inversion 
method (Figure A4).  
 
Figure A2. Digital photos of pristine Psf and GO, CGO-Psf membranes with varied material 
loadings. 
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Figure A3. SEM images (top view) of pristine Psf and GO, CGO-Psf membranes with varied 
material loadings. 
 
Figure A4. SEM images (cross-sectional view) of pristine Psf and GO, CGO-Psf membranes 
with varied material loadings. 
 
A3.3 Membrane Permeability and Rejection 
Figure A5 shows pure water permeability of pristine, GO-, and CGO-Psf membranes with 
different material loadings. Pure water permeability through the original Psf membrane was 
measured to be 14.4± 4.1 L/(m2·h) (LMH). When 0.25% of CGO was introduced into the casting 
solution, the permeability increased to 21.7 ± 11.0 LMH (Figure A5). This result was consistent 
with previous studies showing a similar increasing trend 6 7 and likely resulted from an increase in 
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the hydrophilicity and porosity of the membrane due to addition of CGO. However, the 
permeability of pure water decreased as the CGO loading further increased to 0.5% (6.4 ± 3.7 
L/(m2·h)) and 1% (9.9 ± 5.2 L/(m2·h)) (Figure A5). This decrease appears to deviate from the 
trend of GO-Psf membranes, which needs to be understood in the future work.  
The separation test of the CGO membranes was evaluated by filtration of BSA solution 
(Figure A6). A decrease in the permeability of BSA solution was observed for all membranes due 
to the fouling of BSA. With regard to rejection performances, the incorporation of GO or CGO 
particles did not decrease the rejection rates of BSA in this preliminary study. The rejection 
percentages of BSA were not significantly different for different material loadings, ranging from 
92% to 98% (Figure A6). 
 
Figure A5. Pure water permeability of the pristine Psf and GO/CGO-Psf membranes. 
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Figure A6. Rejection of BSA of the pristine Psf and GO, CGO-Psf membranes. 
A4. Conclusions 
Our preliminary study demonstrates the successful incorporation of GO and CGO particles 
into polysulfone membrane structures via modifying the casting solutions in the phase inversion 
process. The membranes could have higher water flux and maintain or even increase the rejection 
efficiencies. Future work is needed to fundamentally elucidate the underlying mechanisms for the 
augmented performances through studying more material variations and correlating the material 
properties with the membrane performances. 
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